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Abstract

A novel

protein

Encoding Protein),

(HEAAE

II,

High

Essential

Amino

rich in essential amino acids

Acid

(75% of

total), was designed and constructed in our laboratory. The
monomeric
residues

form of the protein
with

potential

four

(3-turn.

consists

additional
Circular

amino

dichroism

of 20 amino acid

acids
and

comprising

size

a

exclusion

analysis demonstrated, that the monomer exists in a stable OChelical conformation that self-aggregates in aqueous solution
to form higher ordered multimeric structures, which are very
reminiscent

of

natural

plant

storage

proteins. The

DNA

encoding this amino acid sequence was synthesized, and from
this monomeric gene fragment, the tetrameric form of the gene
was generated by subcloning

into the E.

coli

expression

vector pKK223-3. The resultant DNA fragment was tested for in
vitro and in vivo expression
expression
cauliflower

vector
mosaic

pBI121,
virus

and then
under

35S

cloned

the

promoter.

into plant

control

of

Agrobacterium

tumefaciens, strain LBA4404, was subsequently transformed

viii

the

with this new construct and Nicotiana
transgenic plants were obtained.

tabacum var. Xanthi

DNA analysis by Southern

procedure confirmed the presence of the multi-copy gene in
the

transformed

synthesized

in

plants.

these

Analysis

transgenic

stable expression of this gene.

of

plants

RNA

and

protein

demonstrated

the

Introduction

The

composition

reservoirs

for

the

of

storage

proteins,

developing

seeds,

a

major

determines

food
the

nutritional value of plants and grains when they are used as
foods for man and domestic animals. The amount of protein
varies between genotypes and cultivars. Generally, cereals
grains contain 10% of their dry weight as protein, while in
legume seeds the protein content varies between 20% and 30%
of their dry weight.

In many seeds,

the storage proteins

account for 50% or more of the total protein. Therefore, the
protein quality of seeds

is primarily determined by the

storage proteins.

Each year the total world cereal harvest amounts to some
1,700 million tons of grain (Keris et al., 1985). Generally,
grain

contains

proteins.

10%

protein

of

which

half

are

storage

This means that some 85 million tons of cereal

storage proteins are harvested each year.

It is estimated

that these cereal storage proteins alone contribute about
55% of man's direct protein intake.

With respect to human and animal nutrition, most seeds do
not

provide

a

balanced

source

of

protein

because

of

deficiencies in one or more of the essential amino acids.
Humans

require

from

foods

eight

amino

acid

supplements

(isoleucine,
threonine,

leucine,

lysine,

methionine,

tryptophan and valine)

phenylalanine,

to maintain a balanced

diet. However, in most plant-derived proteins, five of these
essential

amino

acids

(isoleucine,

threonine and tryptophan)

lysine,

are deficient.

methionine,

This unbalanced

composition of amino acids can lead to a malnourished state
called "Kawashiorkor", which is most often found in children
in underdeveloped

countries

where

plants

are

the

major

source of protein intake. Therefore, the development of a
better nutritionally-balanced cereal protein is an urgent
need.

Recently, many laboratories have tried to improve the
nutritional

quality

of

plant

storage

proteins

by

transferring heterologous storage protein genes from other
plants

(Altenbach et al., 1989) or by modifing the coding

sequence of storage gene of target plants

(Hofman et al.,

1988; Wallace et al., 1988). The development of recombinant
DNA technology and the Agrobacterium-hased. vector system has
made this approach possible. However, genes encoding storage
proteiiis with a more favorable amino acid balance do not
exist in the genomes of any major crop plant. Furthermore,
the

instability,

difficulty

low

expression

level,

in modification of native

processing,

and

or modified native

storage proteins have limited the host plant range for their
application

(Hoffman efc al.,

1988) . One way of overcoming

this

problem

would

be

the

de

novo

design

of

more

nutritionally-balanced seed storage proteins.

Synthetic

oligonucleotides

construction

of

genes

have

coding

nutritionally-significant

been

for

employed

entirely

proteins

to

in

the

artificial,
improve

the

nutritional quality of plant proteins (Jaynes et al., 1986;
Biernat and Koster, 1987b; Biernat et al., 1987a). There are
two

fundamental

difficulties

in

achieving

efficient

expression of novel synthetic storage proteins. First, it is
not yet known what stabilizes a protein against proteolytic
breakdown.
amino

acid

Second,

the mechanisms

sequence

for the

folding of an

into a biologically-stable

tertiary

structure have not yet been fully delineated. Thus, for the
design

of

HEAAE

II,

we

focused

on

physiologically-stable

as

well

highly

as

storage-protein-like, artificial protein.

constructing

a

nutritious,

Literature

1)

Structure

Seed

and

storage

review

classification

proteins

are

of

storage

characterized

proteins

by

several

features (Pernollet and Mosse, 1983): a) their main function
is to provide amino acids or nitrogen to the young seedling
with no other known function; b) they have peculiar amino
acid

composition;

organelles

called

c)

they

protein

are

located

bodies,

at

within

least

storage

during

seed

development.

Several classes of storage proteins are recognized based
on

their

solubilities

in

different

solvents.

Proteins

soluble in water are called "albumins"; proteins soluble in
5% saline are "globulins"; and proteins soluble in aqueous
alcohol(70% ethanol)

are

"prolamins".

The proteins that

remain following these extractions are extracted with dilute
acid or alkali are named "glutelins". Most cereals contain
primarily prolamin proteins.

Cereals are classified into

different groups on the basis of the relative proportions of
prolamins,

glutelins

and globulins,

and the

subcellular

location of these proteins in the mature seed. The first
group corresponds to the Panicoidae sub-family, the second
group the Triticeae tribe, and the last one to oat and rice
storage proteins.

5

The principal members of the Panicoideae sub-family are
maize, sorghum and millet. Their major storage proteins are
prolamins

(50 to 60% of seed protein) and glutelins

40% of seed protein)

(Pernollet and Mosse, 1983).

(35 to

Prolamins

are mainly stored within protein bodies, but glutelins are
located

both

Triticeae

inside

tribe

and

which

outside

includes

differs from the Panicoideae

these
wheat,

organelles.
barley

and

The
rye,

mainly in the storage protein

localization and structure. In the starchy endosperm of the
seeds belonging to this tribe, no protein body is left at
maturity
are

then

(Pernollet and Mosse,
deposited between

1980). Clusters of proteins

starch granules,

but

are

no

longer surrounded by a membrane.

In

legumes

proteins

are

and most
globulins

other
(80%)

dicots,
and

the

major

prolamins

storage

(10-15%).

Globulins can be divided into vicilins and legumins, based
on

their

sedimentation

organization

coefficient

(7S/11S), oligomeric

(trimeric/ hexameric), and polypeptide chain

structure (single chain/ disulphide-linked pair of chains).
In the legume seed cotyledon, protein bodies are embedded
between starch granules

(Pernollet and Mosse,

are membrane-bound organelles,

1983). They

a few microns in diameter,

mainly filled with storage proteins and phytates. Besides
storage

proteins,

protein

bodies

also

contain

other

6
proteins,

such as enzymes and lectins,

although in lesser

amounts.

The

structures

of the

soluble globulins

studied storage proteins.

are the best

Vicillin appears as a homo- or

heterotrimer, sometimes able to associate
form. Soybean's P-conglycin

into hexameric

(Yamauchi and Yamagishi,

197 9)

and French bean's phaseolin (Bollini and Chrispeels,

1978)

are the best

structurally known vicillins.

Recently,

the

three-dimensional structure of phaseolin was determined by
X-ray crystallographic analysis
However,

unlike

other

(Lawrence

vicillins,

associated into a dodecamer

the

et al.,

1990).

phaseolin

trimer

(tetramer of trimer) below pH

4.5. Each polypeptide of the trimeric form consisted of two
structurally similiar units each made up of a P-barrel and
an a-helical domain.

Glycinin, the soybean legumin, has quaternary structure
that was suggested by Badley et al.

(1975)

subunits packed in two identical hexagons.

to be twelve

In general, the

legumin molecule is a polymer formed by the association of
six monomer. Each monomer consist of two subunits, which are
acidic

and basic

subunit.

Sometimes

these

subunits

are

associated by disulphide-link. This monomer associates into
trimer (hexagon) by the interaction between acidic and basic
subunits.

In the hexamer,

the subunits are packed in two

identical hexagons in which three acidic subunit is opposite
three basic ones.

The storage protein structures are adapted for maximal
packing within protein bodies

(Pernollet and Mosse,

1983).

Maximal packing is achieved in two ways. First, the folding
of the polypeptide chain is favored for maximal packing of
amino

acids

within

the

protein

molecule.

Second,

the

compacting of proteins is increased by formation of closely
packed quaternary structures. Consequently,
structure

of prolamine

is maintained even

the quaternary
in denaturing

conditions. High degrees of polymer formation is observed in
pearl millet pennisetin (Pernollet and Mosse, 1983) and zein
(Lending et al.,

1988; Wallace et al.,

1988). Also, wheat

prolamins and glutelin associate into aggregates arising in
the formation of insoluble gluten (Bietz and Huebner, 1980).

The most structurally studied storage proteins are the
corn prolamines which are called zeins. Three types of zeins
(a, |3 and y)

(Esen,

1986)

are

synthesized

on

rough

endoplasmic reticulum and aggregate within this membrane as
protein bodies. The zein proteins readily self-associates to
form protein bodies and are insoluble in water.

Although

there are several types of zeins, all types of zeins are not
necessary for the formation of a protein body. A single a
type

zein

can

aggregate

into

a dense

structure

and

is

generally found at the surface of protein bodies (Lending et
al., 1988; Wallace et al., 1988). This structure requires a
high percentage of ethanol in aqueous systems to maintain
molecular conformation (Agros et al., 1982). The mechanisms
responsible

for

protein

body

formation

are

thought

to

involve both hydrophobic and weak polar interactions between
zeins (Wallace et al., 1988; Agros et al., 1982).

The circular dichroism measurement, amino acids sequence
analysis

and electron microscopic

observation of a zein

protein suggested that the zein secondary structure to be
largely

helical

with

nine

adjacent,

topologically

antiparallel helices clustered within a distorted cylinder
(Agros

et al.,

1982) . Polar

and

hydrophobic

residues,

appropriately distributed along the helical surfaces, allow
intra- and intermolecular hydrogen bonds and van der Waals
interactions among neighboring helices. The rod-shaped zein
molecules can
interactions
structure,
conditions

at

the

and then stack through glutamate

cylindrical

caps.

Because

of

its

zein is much less soluble under physiological
than

precipitation
protein

aggregate

body

of

the

globulin

insoluble

probably

phaseolin.

zein

make

in this

them

less

Furthermore,
tightly packed
available

for

proteolytic degradation (Greenwood and Chrispeels, 1985).

Non-seed

tissues

also

synthesize

proteins

that

are

distinct from the seed reserve but have the characteristics
of

storage

proteins.

They

are

expressed

specific tissues, localized in vacuoles

abundantly

in

(the progenitors of

protein bodies in seed) , and are degraded at a later time
for the nutritional needs of other organs (Staswick, 1990).
Soybean vegetative storage protein
glycosylated subunits

(VSP),

composed of two

(about 27kD and 29kD), accumulate to

about 10% of the soluble leaf protein at flowering, and then
declines during seed development. However, if seed pods are
removed,

VSP continued to accumulate to about 50% of the

leaf protein.

There are a number of reported reasons why the storage
proteins are deposited in an insoluble form (Larkins et al.,
1984). Since the seed eventually become desiccated, storage
proteins cannot be osmotically active. These proteins must
be stable, as there is often a long period between the time
of seed maturation and seed germination.

2)

Plant

genetic

engineering

by

Agrobaterium

tumofacians

One of the most significant recent advances in the area of
plant molecular biology,

has been the development of the

Agrobacterium tumefaciens Ti plasmid as a vector system for
the transformation of plants.

In nature,

A. tumefaciens

10

DNA
transfer

.Oncogene .
/ir Genes

Plant DNA
Ti plasmid

auxin + cytokinin

Oncogenic Plant Cell
Wildtype Agrobacterium
tumefaciens

[Foreign
gene
pARC8
Vector

r
Plant DNA

f
Vir Genes

f,
oreign gene
Expression

Kanamycin
Resistance

disarmed
Ti plasmid

Normal Plant Cell

Disarmed Agrobacterium
+ LBA4404

Figure 1. Transformation of foreign DNA from Agrobacterium
to plants. Disarmed vector does not contain oncogene which
express the hormones such as auxin and cytokinin. Foreign
genes, antibiotic resistence genes, and reporter genes can
replace the oncogene and express in the transformed
plants.
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E.coli 1 Km

A.tumefaciens CmKm

E.coli 2 Spc Str

iom
tra.mob

tra.mob

I

partial
T-DNA

'pRK2Q13

* '

disarmed
Ti plasmid

Screen with Cm
Spc Str Km

A.tumefaciens

chromosome

new gene

Figure 2. Triparental mating procedure for introducing
a cointegrate vector into Agrobacterium.
E. coli carrying the pRK2013 helper plasmid are mixed
with E. coli carrying cointegrate vectors and A.
tumefaciens cells carrying the disarmed acceptor vectors
are added. The mixture of cells is resuspended, and
screened by the antibiotics (Roger et al, 1987).

r
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E.coli 1 Km

A.tumefaciens CmKm

E.coli 2 Spc Str

^oriT,
tra.mob

RK2
rplicon

tra.mob RK2
v
/ rplicon

'pRK2013

No
T-DNA

binary vector

* '

disarmed Ti
plasmid

Screen with Cm
Spc Str Km

i
A.tumefaciens

,oriT>

,vir

RK2
rplicon

chromosome

new gene

Figure 3. Triparental mating procedure for introducing
a binary vector into Agrobacterium.
E. coli carrying the pRK2013 helper plasmid are mixed with
E. coli carrying binary vectors and A. tumefaciens cells
carrying the disarmed acceptor vectors are added (Roger et
al, 1987).

infects most

dicotyledonous

and

some monocotyledonous

plants by entry through wound sites. The bacteria bind to
cells in the wound and are stimulated by phenolic compounds
released from these cells, to transfer a portion of their
endogenous,

200

kb

Ti plasmid DNA

into

the

plant

cell

(Weiler and Schroder, 1987). The transferred portion of the
Ti plasmid,
plant

(T-DNA), becomes covalently integrated into the

genome,

where

it

directs

the

biosynthesis

of

phytohormones using enzymes which it encodes. The vir gene
in the bacterial genome is known to be responsible for this
process.

In

addition

to

vir gene

products,

directly

repeating sequences of 25 bases called "border" sequences
are

essential

(Wang

et

al.,

1984),

but

only

the

right

terminus has been shown to be used for the T-DNA transfer
and integration or both (Peralta and Ream, 1985) .

Expression of the T-DNA gene inside

the

plants results

in the uncontrolled growth of these and surrounding cells,
leading to formation of a gall (Weiler and Schroder, 1987).
Ti plasmids,

from which these disease-producing genes have

been removed

or replaced, are referred to as "disarmed" and

can be used

for the

introduction

of

foreign genes

into

plants (Figure 1). The great size of the disarmed Ti plasmid
and lack of unique restriction endonuclease sites prohibit
direct cloning into the T-DNA. Instead, intermediate vectors
such as pMON237 or pBI121 are used for introducing genes

into the Ti plasmid. Currently, two kinds of vector systems
are

available

vectors

as

(Figure

intermediate
2)

and

binary

vectors;
vectors

cointegrating
(Figure

3).

A

cointegrating transformation vector must include a region of
homology between

the vector plasmid and the

Ti plasmid

(Roger et al., 1987).

Once recombination occurs,

the cointegrated plasmid is

replicated by the Ti plasmid origin of replication.

The

cointegrate system, while more difficult to use, does offer
advantages. Once

the

cointegrate

has

been

formed,

the

plasmid is stable in Agrobacterium.

A binary vector contains an origin of replication from a
broad host-range plasmid instead of a region of homology
with the Ti plasmid (Roger et al., 1987). Since the plasmid
does not need to form a cointegrate,

these plasmids are

considerably easier to introduce into Agrobacterium. The
other advantage to binary vectors is that this vector can be
introduced into any Agrobacterium host containing any Ti or
Ri plasmid, as long as the vir helper function is provided.

3)

Regulation

of

storage

protein

genes

All storage proteins, which have been investigated, are
encoded by multigene

families

(Bartel and Tompson,

1983;

Crouch et al ., 1983; Forde et al.,

1985; Kasarda et al.,

1984; Lycett et al., 1985; Rafalski et al., 1984; Slightom
et al.,

1983) . The structure of these families varies,

in

some cases, as in wheat or barley, two major subgroups can
be distinguished;

the 0C- and y-gliadins and the B- and C-

hordeins, respectively (Forde et al., 1985; Kasarda et al.,
1984; Rafalski et al., 1984). Within each subgroup, several
subfamilies
account

can

for

at

be

distinguished.

least

part

of

Often

the

short

repeats

structure

of

the

polypeptides. These repeats constitute links through which
different subfamilies within the same species are related.

Storage

protein

genes,

like

most

other

plant

genes

characterized to date, are transcribed in a regulated rather
than

a

constitutive

fashion

(Weising

et

al.,

1988) .

Expression is frequently tissue-specific and/or temporally
regulated.

C i s -acting

developmental

and/or

DNA

sequences

tissue-specific

involved

regulation

in

of

gene

expression are defined experimentally (Twell and Ooms, 1987;
Wenzler et al., 1989, Marries et al., 1988, Hoffman et al.,
1987; Chen et al., 1988). Unfortunately,

a transformation

system for the nutritionally important cereal species has
not

yet

been

well

established.

Therefore,

most

gene

regulation mechanisms have been studied in transgenic dicot
plants (Colot et al., 1987; Greenwood and Chrispeels, 1985).
There

is

increasing

evidence

that

gene

expression

is

controlled,

at

least

partly,

by

the

interactions

of

regulatory molecules and short sequences in the 5' flanking
region of a gene.

The 5' flanking DNA of the patatin gene is sufficient to
direct

tuber-specific expression,

position

effects.

promoter

and

A

the

transcriptional

kb DNA

patatin

gene

transferase (CAT)
and Ooms,

2.5

largely independent
fragment

gene

fusions

was

used

containing
to

of
the

construct

with chloramphenicol

acetyl

or the (}-glucuronidase (GUS) gene (Twell

1987; Wenzler et al.,

1989).

When reintroduced

into potato, these chimeric genes were expressed in tubers,
but not in leaves, stems or roots.

The expression pattern of storage protein genes of cereal
is retained in tobacco, not only with respect to tissue, but
also to temporal expression.
wheat

glutenin

determine

genes

possess

regulatory

endosperm-specific

expression

tobacco (Colot et al., 1987).
molecular weight
sequences

(LMW)

between

transcriptional
specific

The 5' upstream regions of

in

that

transgenic

Deletion analysis of the low

glutenin

326bp

sequences

and

gene
160bp

indicated that
upstream

of

DNA
the

start are necessary to confer endosperm-

expression.

Futhermore,

cis-acting

elements

determining the regulation of each of genes in the cluster
are recognized by the tobacco trans-acting factor but also

that cis-acting elements directing expression of one gene do
not

affect

expression

demonstrated

by

the

of

neighboring

transfer

of

a

genes.

17.1

kb

This

was

soybean

DNA

containing a seed lectin gene with at least four nonseed
protein genes to transgenic tobacco plants (Okamuro et al.,
1986). The genes in this cluster were expressed in a manner
similar to that in soybean; i.e., the lectin gene products
accumulated in seeds, and the other genes were expressed in
tobacco leaves, stems, and roots.

The expression of several DNA deletion mutants within a
257 bp upstream sequence of the a '-conglycine gene indicate
that this region contained enhancer like elements

(Chen et

a l ., 1986) . Only a low level of expression of the a 1 gene
occurred

in developing

seeds

of transgenic

plants

that

contain the a' gene flanked by 159 nucleotides before the
transcriptional start site. However,
increase

occurred

when

an

a 20 fold expression

additional

98 nucleotides

of

upstream sequence were included. The DNA sequence between 143

and

-257

A A (G )CCCA,

contained

which

is

five

repeats

speculated

to

of

the

played

a

sequence
role

in

conferring tissue-specific and developmental regulation. A
35S promoter containing this sequence in different positions
and different orientations enhanced the expression of CAT
gene by 25- to 40- fold (Chen et al., 1988).

Trans-acting factors directly involved in storage protein
gene regulation have not yet been reported. However, in some
cases, the level of amino acids control the expression of
storage

protein.

expression

in

Vegetative

leaves,

stems

storage
and

protein

seed

pods

(VSP)
was

gene

closely

related to whether these organs are currently a sink for
nitrogen or a source for mobilized nitrogen for other organs
(Staswick, 1989). The leaves have a sensitive mechanism for
detecting

changes

in

nitrogen

demand

and

mobilizing

reserves, and VSP gene expression can be rapidly adjusted
accordingly. Sequestering excess amino acids in this way may
prevent their accumulation to toxic levels.

4)

Improvement

of

nutritional

balance

of

plants

The amino acid composition of the cereal endosperm protein
is characterized by a high content of proline and glutamine
while the essential amino acids, lysine and tryptophan
particular,
1983) . In

is

a limiting

legumes,

the

factor

sulfur

(Pernollet

containing

in

and Mosse,

amino

acids,

methionine and cysteine are limiting essential amino acids
in efficient utilization of plant protein as animal or human
food.

There has been a great deal of effort to overcome these
amino acid limitations by breeding and selecting for more

nutritionally balanced varieties. Plants have been mutated
in hopes
storage

of

recovering

proteins.

Neither

entirely successful,
artificially

individuals
of these

with more nutritious
approaches

has

been

although some naturally occurring and

produced

mutants

of

cereals

were

shown

to

contain a more nutritionally balanced amino acid composition
(Nelson et al., 1969). These mutations cause a significant
reduction in the amount of storage protein synthesized and
thereby result in a higher percentage of lysine in the seed;
however,

the softer kernels and low yield of such strains

have limited their usefulness

(Pernollet and Mosse,

1983).

The reduction in storage protein also causes the seeds to
become more brittle; as a result, these seeds shatter more
easily during storage.

The lower levels of prolamin also

result

unfavorable

in

flours

with

functional

properties

which cause brittleness in the baked products (Pernollet and
Mosse., 1983). Thus, no satisfactory solution has been found
for

improving

the

amino

acid

composition

of

storage

proteins.

One direct approach to this problem would be to modify the
nucleotide sequence of genes encoding storage proteins so
that they contain high levels of essential amino acids. To
achieve this aim, several laboratories have tried to modify
and

express

the

storage

proteins

in

the

host

plants.

Modified storage proteins have been created and expressed by

changing their codon sequences.

In vitro mutagenesis was

used to supplement the sulfur amino acid codon content of a
gene encoding P-phaseolin,

a Phaseolus

vulgaris

storage

protein (Hoffman et al., 1988). The nutritional quality of
P-phaseolin
acids,
was

was

increased by

the

insertion

six of which were methionine.

essentially

a duplication

of

of

15 amino

The inserted peptide

a naturally

occurring

sequence in the maize 15kd zein storage protein (Pederson et
al., 1986). However, this modified phaseolin
than

1% of the expression

level

of normal phaseolin

transformed seeds. Recently it has been
insertion was made in

achieved less
in

found that this

part of a major structural element of

the phaesolin trimer (Lawrence et al., 1990). Therefore, an
inclusion of 15 residues at this site could distort the
structure at the tertiary and/or quaternary level.

Lysine

and

tryptophan-encoding

oligonucleotides

were

introduced at several positions into a 19kD alpha type zein
complementary DNA by oligonucleotide-mediated mutagenesis
(Wallace

et al., 1988) . mRNA for the modified

synthesized
oocytes.

The

in

vitro and injected

modified

zein

into

aggregated

similar to membrane-bound protein bodies.

zein was

Xenopus
into

laevis

structures

This experiment

suggested the possibility of creating high-lysine corn by
genetic engineering.

There

are

alternative

approaches

that

might

be

more

practical. One of these is to transfer heterologous storage
protein
levels

genes

that

encode

storage

proteins

with

higher

of the desired amino acids. For this purpose,

a

chimeric gene encoding a Brazil nut methionine-rich protein
which

contains

18%

methionine

has

been

transferred

to

tobacco and expressed in the developing seeds (Altenbach et
al., 1989). The accumulation of the methionine-rich protein
in the seed of tobacco results in a significant increase
(30%) by this transformation.

The maize 15 kd zein structural gene was placed under the
regulation of French bean (J-phaseolin gene flanking regions
and expressed

in tobacco

(Hoffmann

et al.,

1987).

Zein

accumulation was obtained as high as 1.6% of the total seed
protein.

Zein

was

found

in

roots,

hypocotyles,

and

cotyledons of the germinating transgenic tobacco seeds. Zein
is deposited and accumulates in the vacuolar protein bodies
of the tobacco embryo and endosperm. The storage proteins of
legume seeds such as the common bean

(Phaseolus

vulgaris)

and soybean (Glycine max) are deficient in sulfur-containing
amino acids.

The nutritional quality of soybean could be

improved by introducing and expressing the gene encoding
methionine-rich 15 kd zein (Pederson et al., 1986).

The 292 bp synthetic gene

(HEAAEI)

which encodes high

essential

amino acid was

expressed as CAT-HEAAEI

fusion

protein in potato ( Yang et al., 1989; Jaynes et al., 1986).
However, the structural unstability
expression of this

fusion protein

limited the high level
in the potato

system.

Also, the content of essential amino acid was less than 40%
of this fusion protein.

There are several precautions that should be considered in
engineering
vitro

storage proteins

mutational

protein

that

otherwise,

change

perturb

the proteins

(Larkins,

must
the

not be
normal

1983) . First,
in

regions

protein

might be unstable.

in

of the

structure;
Second,

when

attempting to increase nutritional quality by introducing a
gene encoding a heterologous protein in crop plants,

it is

essential that the protein encoded by an introduced gene
does not produce any adverse effects in humans or livestock,
the

ultimate

consumers

of the

engineered

seed proteins

(Altenbach et al., 1989). Finally, it is important that the
amino

acids

present

in

the

introduced

protein

can

be

utilized by the animal for growth and development.

The level of expression of the introduced gene can be
influenced by the region of chromosomal insertion of the TDNA. As the number of chromosomal sites containing T-DNA
increases, the likelihood that any one T-DNA would integrate
into a transcriptionally active region is increased (Scott

and Draper,

1987; Stockhaus et al.,

1987). Therefore,

one

needs to know the structure and organization of these genes
in the genome, as well as the nature of their developmental
regulation. Also,

it is necessary to know how many genes

encode the storage proteins. If there are more than one or
two,

it is important to know the extent to which they are

transcribed.

Once the gene or genes have been isolated and modified,
they must be reinserted into the genome so that they are
developmentally regulated and efficiently expressed during
seed development.

This can be achieved by gene targeting

which can direct the integration of the foreign gene into
the predicted location in the host plant genome (Paszkowski
et al.,

1988) . The

foreign DNA can go

into the

target

through homologus recombination within overlapping parts of
the protein coding region, resulting in the formation of an
active gene in the host chromosome.

5)

Da

Novo

Recently,

design

a new

design of proteins,
better

understanding

of

proteins

field

in protein

research,

has made remarkable progress
of

the

rules

which

govern

de

novo

due to
protein

folding and topology. Protein design has two components; the
design of activity and the design of structure. This review
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concentrates on the design of structually storage protein
like peptides.

A) Protein folding and

The usual

approach

structure prediction

for the design of helical

protein

bundles consists of linking sequences that have propensity
for forming an a-helix via short loop sequences. These chain
can fold into the predetermined

'globular type'

tertiary

structure in aqueous solution (Mutter, 1988; DeGrado et al.,
1989).

a-helical

secondary

structures

are

stabilized by

interatomic interactions that are classified

according to

the distance between interacting atoms in the sequence of
the protein (DeGrado et al., 1989).

Short range interactions account for different amino acids
having

different

statistical (Chou

conformational

preferences.

Both

and Fasman, 1978) and experimental (Sueki

et al., 1984) methods show that residues such as Glu, Ala,
and Met tend to stabilize helices, whereas residues such as
Gly and Pro are destabilizing.

However,

these

intrinsic

preferences are not sufficient to determine the stability of
helices in globular proteins.

Analysis

of

the

free-energy

requirements

for

helix

initiation and propagation indicates that peptides of 10 to

20 residues

should show little helix formation

in water

(Shoemaker et al., 1985; Bierzynski et al., 1982) when the
Zimm-Bragg equation
parameters

(Zimm and Bragg,

1959)

is used;

with

(O and S) determined by host-guest experiments

where G is the helix nucleation constant, n is the number of
H-bonded residues in the helix and S is an average stability
constant for one residue.

Nevertheless, the 13 amino acid C-peptide obtained from
RNase

A

does

show

measurable

helicity

(~2 5 %)

at

low

temperature (Bierzynski et al., 1982; Brown and Klee, 1981).
The stability of this peptide is 1000-fold greater than the
value calculated by the Zimm-Bragg equation. Specific sidechain interactions,

factors that are not considered in the

Zimm-Bragg model, are responsible at least in part for the
fact that the C-peptide is much more helical than predicted
(Shoemaker et al., 1985; Scherega, 1985; Shoemaker et al.,
1987).

Medium-range

interactions

are

responsible

for

the

additional stabilization of secondary structures (DeGrado et
al., 1989). Interaction between the side-chains are regarded
as

important medium range interactions

1987;

Marqusee

electrostatic

and

Baldwin,

interactions,

(Shoemaker et al.,

1987).

hydrogen

These

bonding,

perpendicular stacking of aromatic residues

include
and

the

(Blundell et

al., 1986). An a-helix possesses a dipole moment as a result
of the alignment of its peptide bonds.

The positive and

negative ends of the amide group dipole point toward the
helix NH2 -terminus and COOH-terminus, respectively,
rise to a significant macrodipole.

giving

Appropriately charged

residues near the ends of the helix can favorably interact
with

the

helical

dipole

and

stabilize

helix

formation

(Shoemaker et al., 1985, 1987). It was estimated that the
electrostatic interaction between a pair of antiparallel ahelices is about 20Kcal/mol less than a parallel a-helices
pair

(Hoi and Sander,

chains

and

participate

terminal
in

the

1981). Hydrogen bonds between side
helical

N-H

stabilization

and
of

C=0

groups

helical

also

structure

(Richardson and Richardson, 1988; Presta and Rose, 1988) .

Protein structures contain several long-range stabilizing
interactions

which

interactions,

and

include

hydrophobic

hydrogen

bonds.

and

Among

packing

these,

the

hydrophobic effect is a prime contributor to the folding and
stabilizing of protein structures.
helix

formation

interactions

in

between

RNase

A

C-peptide

The driving force for

arises
and

from

long-range

S-protein,

a

large

fragment of the protein from which C-peptide was excised
(Komoriya and Chaiken, 1985) .

The

role

of

hydrophobic

interactions

in

determining

secondary structures was studied for a series of peptides
containing only Glu and Lys in their sequence
Lear,

(DeGrado and

1985) . Glu and Lys residues were chosen as charged,

residues for the solvent-accessible exterior of the protein
to

help

stabilize

helix

formation

by

electrostatic

interaction.

B) Design and stability of protein

Hydrophobic residues often repeat every three to four
residues in an a-helix and form an amphiphilic structure
(DeGrado et al., 198 9). Amphiphilicity is important for the
stabilization of the secondary structures of peptides and
proteins which bind in aqueous solution to extrinsic apolar
surfaces,

including phospholipid membranes,

air,

and the

hydrophobic binding sites of regulatory proteins

(Degrado

and Lear, 1985).

This amphiphilic
relative
Therefore,

to

other

secondary structure can be stabilized
conformations

by

self-association.

short peptides often form the a-helix in water

only because the helix is amphiphilic and is stabilized by
peptide aggregation along the hydrophobic surface.
globular
involving

proteins

are

hydrophobic

folded

by

interaction

a

similar
between

Native

mechanism,
neighboring

segments of secondary structure (Presnell and Cohen, 1989).

Using

the

concept

of

an

(1983)

at

the

coworkers

amphiphilic

helix,

University

of

Kaiser

and

Chicago

and

Rockefeller University successfully built peptide-hormone
analogs with minimal homology to the native sequences. These
peptides, like the native ones, are not helical in solution
but

do

form

helices

at

the

hydrophobic

surfaces

of

membranes.

Designed synthetic peptides have been used to show how
hydrophobic periodicity in a protein sequence stabilizes the
formation

of

simple

amphiphilic a-helix

secondary

structures

(Ho and DeGrado,

such

as

an

1987). The strategies

used in the design of the helices in the four-helix bundles
are;

1)

the helices

forming amino acids;
i.e.,

they

should be

composed of

2)the helices should be amphiphilic;

should have an apolar

neighboring helices

strong helix

and a polar

face to

interact

face to maintain

with
water

solubility of the ensuing aggregates. The results show that
hydrophobic periodicity can determine the structure of a
peptide.

Therefore,

the

peptides

tend

to

have

random

conformations in very dilute solution, but form secondary
structures when they self-associate (at high concentration)
or bind to the air-water surface.

The

free

energy

tetramerization

of

associated
the

with

designed

dimerization

peptides

could

or
be

experimentally determined from the concentration dependence
of the CD spectra for the peptides
Lear

et

al.,

1988; DeGrado and

(DeGrado et al.,
Lear,

1985).

1989;

At

low

concentrations, the peptides were found to be monomeric and
have low helical contents,

whereas at high concentration

they

and

could

self-associate

stabilize

the

secondary

structure. Therefore, possible hairpin loops between helices
can affect the

stability of the secondary structure by

enhancing the self-association between the helical monomers.

A strong helix breaker (Chou and Fasman, 1978; Kabsch and
Sander,

1983,

included as the

Sueki et al., 1984,

Scheraga,

1978)

first and last residue to set the stage

adding a hairpin loop

was
for

between the helices. A single proline

residue appeared capable of serving as a suitable link if
the C and N terminal glycine residue are slightly unwound.
Glycine lacks a (3-carbon, which is essential for the reverse
turn where positive dihedral angles are required

(Rose et

al., 1985) . The pyrrolidine ring of proline constrains its <))
dihedral angle to -60°. Thus, proline should be destabilizing
at positions where significantly different backbone torsion
angles are required. This amino acid, as well as glycine,
has a high tendency to break helices and occurs frequently
at turns (Creighton et al., 1987).

The direct evidence for stabilization of protein structure

by adding the linking sequence was observed by comparing the
guanidine

denaturation

tetramer

(Degrado

curve

et

for the monomer,

a l .,

1989) . The

dimer and

gene

encoding

tetrameric protein was expressed in E. coli and purified to
homogeneity. In the series of mono-, di-, and tetramer, the
stability

toward

concomitantly
between

guanidine

with the

helical

concentrations,

denaturation

increases

in covalent

cross-links

increase

monomer.

At

equivalent

peptide

the midpoints of the denaturation curves

occurred at 0.55, 4.5 and 6.5M guanidine for the mono-, di,
and tetramer. Furthermore, as the number of covalent cross
links

was

cooperative.

increased,
Thus,

the

the

curves

linker

became

sequence

increasingly

stabilized

the

formation of the four helix structures at low concentration
of the peptides(<lmg/ml).

Entropic effects and stabilizing interactions between
atoms in the link sequence and the rest of the protein are
two

factors

contributing

to

the

observed

increase

in

stability of the tetramer as compared with the monomer and
dimer. These results indicate that hydrophobic interactions
can play a dominant role in secondary structure formation,
and may be

considered as the

central driving

force

for

inducing secondary structure formation in designed proteins
(Ho and DeGrado, 1987).

The

next

level

of

complexity

in analysis

of

helical

proteins is the factor determining the packing of helices
within a protein. With an interhelical crossover angle of
about 20°'
holes"

the side chains efficiently pack in a "knobs into

manner.

Side

chains

on

interacting

helices

pack

favorably when the helical axes are inclined by about -80°, 60°,

or

-40°,

which

are

the

most

crossover angles in protein structures

frequently

observed

(Chou et al., 1984;

Richardson, 1981).

Structural stability of proteins is directly related to
the

in

vivo

proteolysis

(Parsell

and

Sauer,

1989) .

Proteolysis depends on the accessibility of the scissile
peptide

bonds

to theattacking

protease.

The

sites

of

proteolytic processing are generally in relatively flexible
interdomain

segments or on the surface of the loops,

in

contrast to the less accessible interdomain peptide bonds
(Neurath,
folded

1989) . This

state

suggests that the stability of the

of the

protein

is the

most

important

determinant of its proteolytic degradation.

The

effect

of folded

structure

on

the

proteolytic

degradation has been proven by several experiments.

First,

proteins that contain amino acid analogs or are prematurely
terminated are often degraded rapidly in the cells (Goldberg
and Jhon, 1976). Second, there are good correlations between

the thermal

stabilities

of specific mutant

their rates of degradation in E.
1986,

Parasell

suppressor

and

Sauer,

mutations

that

Coli

proteins

(Pakula and Sauer,

1989) . Finally,
increase

and

the

second-site

thermodynamic

stability of unstable mutant proteins have also been shown
to increase resistance to intracellular proteolysis
and Sauer,

1989) . The solubility of proteins

(Pakula

could also

affect their proteolytic resistance. Some proteins aggregate
to

form inclusion bodies that

escape proteolytic

attack

(Kane and Hartley, 1988).

Metabolic stability is another factor influencing the in
vivo

stability of proteins. Usually, damaged and abnormal

proteins

are metabolically unstable

Varshavsky,

1985;

Pontremoli

and

in vivo
Melloni,

(Finley and
1986).

In

eukaryotes, covalent conjugation of ubiquitin with proteins
is essential for the selective degradation of short-lived
proteins
the

(Finley and Varshavsky,

amino

acid

at

the

1985).

It was found that

amino-terminus

of

the

protein

determined the ubiquitination (Bachmair et al., 1986). Both
prokaryotic

and

eukaryotic

long-lived

proteins

have

stabilizing amino acids such as methionine, serine, alanine,
glycine, threonine, and valine at the amino terminus end. On
the other hand, amino acids such as leucine, phenylalanine,
aspartic acid,
proteins.

lysine, and arginine destabilize the target

Materials

1)

and

Methods

Materials

A) Bacterial strains and vectors

E.coli strains HB101, JM101 (Messing et al. 1981), JM107
(Yanisch et al.,

1985) and DH 5a'

(BRL, MD)

were used as

host cells for the transformation of HEAAE II and other DNA
constructs.

E. coli CSR603 was obtained from Dr. R.C.Gayda

(Dept of Microbiology,

LSU)

for the in vivo expression of

HEAAEII-tetramer.

Table 1. Bacterial strain

E.coli strain

JM 101

Genotype

A(lac proAB)

sup E, thi/F', tra A36,

proAB, lac Iqz AM15

CSR 603

F-, thr“l, leuB6, proA2, phr“l, recAl
argE3, thi“l, uvrA6, ara“14, lacYl,
galK2, xyl“5, mtl“l, rpsL31, tsx-33, X~,
supE44, gyrA98(nalA98)

DH5a’

F~, end Al, rec Al, lacZ AMI5, hsd R(rk~
mk-) sup E44, thi“, A.gyr A96, relAl,

33

34
A(laZYA-argF), U169

JM 107

endAl, gyrA96, thi, hsdR17, supE44,
relAl, X~, A(lac-proAB), [F', traD36,
proAB, lacIqZAM15]

HB 101

hsdR",

hsdM™, recA13, supE44 (su2 + ), lacZ4

leuB6, proA2, thi“l(Bl“), Snm

A

non-oncogenic

tumefaciens LBA4404
cell

for pBI121

Agrobacterium

strain,

Agrobacterium

(Clontech, CA) , was used as the host

constructs

of HEAAEII gene.

This

strain

contains a Ti plasmid, PAL4404, with a deleted T-region but
an intact vir-region (Oomas et al., 1982).

Plasmid pBI121 was used for the transformation of HEAAE II
into tobacco. This plasmid contains the GUS gene cassette,
consisting

of

1.87kb

GUS

coding

sequence

and

260bp

polyadenylation signal from the nopalin synthetase gene. The
CaMV 35S promoter was cloned into the corresponding sites 5'
to the GUS cassette.

The E.coli expression vector pKK223-3, used for the gene
construction and in vivo expression,

contains the

strong

trp-lac (tac) promoter as described by de Boer (1983). In a
laclQ host, the tac promoter is repressed, but derepressed by
the addition of IPTG. It contains the strong rrnB ribosomal
RNA transcription terminator.

For

in

vitro

transcription

and

translation,

pSP65

containing a bacteriophage SP6 RNA polymerase promoter was
used. Other cloning vectors,
M13+

pBR322, pUC19 and Bluescript

were used for the sequencing and gene construction.

Table 2. Vectors used for cloning

Plasmid

Size (kb)

Reference

pBR322

4.3

Bolivar, 1978

pKK223-3

4.6

de Boer, 1983

pUC19

2.7

Vieria et al., 1982

pSP65

3.0

Melton, 1984

BluescriptM13+

3.0

Stratgene, CA

PBI121

13.0

Bevan, 1984
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B) Chemicals
i) Peptide synthesis and purification

Chemicals used for the peptide synthesis and purification
were dimethylformamide and hydroxybenzotriazole from Fisher
Biotech (Pittsurberg, PA) , Fmoc amino acids and resin from
Milligen.
acid,

Dichloromethane,

and

acetonitryl

(Millwaukee,

were

diethylether, glacial
purchased

WI) . Trifluoroacetic

from

acid,

acetic

Mallinkrodt

ethanedithiol,

anisole and thioanisole for the purification were purchased
from Aldrich (Paries, KE)

ii) Gel elctrophoresis

Agarose (Seakem, Nusieve and Seaplaque),

ethidium bromide

and cesium chloride used for the DNA purification and gel
electrophoresis were purchased from

FMC cooperation

(Rock

land, ME) or Bethesda Research Laboratories [BRL] (Bethesda,
MD) . Acrylamide,

N, N '-methylene bisacrylamide,

Temed and

ammonium persulfate used for PAGE were products of Biorad
(Richimond,
sulfate

CA). Dithiothreitol

(DTT),

sodium

dodecyl

(SDS) , urea and phenol were from BRL or American

Research Products Company [AMERESCO]

(Solon, OH).
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iii) Cell culture

Bacto-yeast,

bacto-typtone and bacto-agar were obtained

from Difco Laboratories

(Detroit, MI). 5-bromo-4-chloro-p-D

galactoside (X-gal) and isopropyl-|3-D-thiogalactopyranoside
(IPTG)

was obtained from United States Biochemicals

(Cleveland,
ampicillin,

OH).

Antibiotics

kanamycin,

chloramphenicol

for

the

spectinomycin,

were purchased

cell

[USB]

culture,

streptomycin,

from Sigma

Chemical

and
(St.

Louis, MO) Other chemicals for competant cell production and
cell

culture,

hexamine

2

cobalt

morpholine
chloride,

ethanesulfonic
polyvinyl

acid

(MES),

pyrrolidone

(PVP),

ethylenediaminetetraacetic acid (EDTA), tetramethyl ammonium
chloride,

polyethylene glycol

from Sigma Chemical.

(PEG)

were also purchased

Rubidium chloride was obtained from

Morton Thiokol Inc. (Danver, MA) .

iv) In vitro and in vivo experiments

Phenylmethylsulfony1
extraction,
Sephadex

fluoride

for

3-[N-morpholino]prophasulfonic acid
G-50F

for

size

cycloserine and amino acids
and

(PMSF)

arginine)

for

exclusion
(threonine,

in vivo experession

protein
(MOPS) and

experiments,
leucine,

and

proline,

experiment

purchased from Sigma Chemical Company (St. Louis, MO).

were
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v) Plant tissue culture

Tissue culture agar, phytogar and premixed Murashige and
Skoog salts for tissue culture were purchased from Hazleton
Biologies,

Inc.

benzyladenine
dicholoro-

(Lenexa,

(BA),

KS) .

The

napthaleneacetic

phenoxyacetic

acid

phytohormones

acid

(2,4D),

and

(NAA),
the

2,4D

vitamins

myoinositol, thiamine HC1, nicotinic acid, pyridoxine were
purchased from Sigma.

Cefotaxime sodium salt was ordered

from Hoechst-Roussel Pharmaceuticals, Inc. (Somerville, NJ).

vi) GUS analysis

Chemicals for the P~glucorinase assays

4-methylumbelli-

ferone (MU), 4-methyl umbelliferyl glucuronide (MUG) and 5bromo-4-chloro-3-indol-l glucoronide (X-gluc) were purchased
from Clontech and Research Organics, Inc. (Cleveland, OH).

vi) DNA, RNA and protein analysis

Hybond-mAp

for the mRNA

isolation was

purchased

from

Amersham (Amersham, UK). Prepacked Sephadex G-50 columns for
DNA probe purification were purchased from 5Prime-3Prime,
Inc.

(Paoli, PA). Duralon UV membranes and nitrocellulose

were obtained from Stratagene

(La Jolla,

CA) .

Immobilon

membranes for western were from Millipore Corp.

(Bradford,

C) Radioactive Compounds

[a3 2 P],

[y32P] dNTPs

(lOOOCi/mmole)
(Irvine,

CA)

(3000 Ci/mmole)

and

[a3 5 S]

were purchased from ICN Biomedicals,
and New England Nuclear

(NEN)/Du Pont

dATP
Inc.
Co.

(Wilmington, DE).

D) Enzymes, DNA, RNA and Proteins

Restriction endonucleases, DNA ligase, DNA kinase, T4 DNA
polymerase, and Klenow fragment were purchased from Bethesda
Research

Laboratories

Biolabs,

Inc.

(Madison,

[NEB]

WI),

[BRL]
(Beverly,

Pharmacia

Mannheim Biochemicals
States Biochemicals

(Bethesda,

[USB]

MA) , Promega Biotec Corp.

(Piscataway,

[BMB]

MD) , New England

NJ) , Boehringer-

(Indianapolis,

IN) and United

(Cleveland, OH). Proteinase, DNA,

RNA and protein size markers were purchased from BRL or USB.

E) Kits

In vitro tanscription and translation kits were purchased
from Promega Corp.
Clontech

(Madison,

Laboratories,

translation,

random

WI) . GUS assay kit was from

Inc.

priming

and

(Palo

Alto,CA).

sequencing

kits

Nick
were

obtained

from BMB,

purchased

from

"Protblot"

kits

BRL and USB.

Pierce

Protein assay kit was

(Rockford,

were purchased

IL) .

Western

from Promega.

blot

Immunopure

Ag/Ab immobilization kits and immunopure IgG purification
kits for antibody purification were purchased from Pierce
(Rockford, II) .

F) Others

New Zealand rabbits were used to raise antibodies against
HEAAEII peptides. Pro-Mix soil, Jiffy pots, Temik
and Miracle Grow fertilizer
purchased from BWI,

Inc.

pesticide

for plant maintainence were

(Jackson, MI). The tobacco seeds

(Nicotiana tabaccum var Xanthii and var Samsun) used for the
transformation of HEAAEII gene were gifts from Dr. Hector
Flores

(Department of Plant Pathology,

Pennsylvania State

University).

2) Methods

A) Prediction of structure

To

predict

SECONDARY

the

structure

of

HEAAE

II,

the

PREDICT-

of the (3-Sybyl version was used. The MAXIMIN2 in

the P-Sybyl was then used to obtain the global minimum from
the predicted structures. These programs were run on a Micro
VAX

II

from

Digital

Corporation

(Nashua,

N H ) . Three

prediction methods in Sybyl, bayes-statistic (Garner et al.,
1978),

information-theory

Sejnowski,

1988)

(Blundell et al., 1987; Qian and

and neural-net

1976; Holley and Karplus,

(Maxifield and Scheraga,

1989), were used. Hydrogens were

added to Carbon and Oxygen where appropriate. The dielectric
constant was adjusted to 78.5.

B) Structural Analysis
i) Synthesis of Peptides

HEAAEII monomer, 24 amino acids in length, was synthesized
using an automated machine from Milligen/Biosearch

(Model

9050 PepSynthesizer) . The synthesis was solid phase,

and

based on the Fmoc polyamide method developed by E. Atherton
and R.C. Sheppard(1981).

The peptide chain is assembled from the carboxy terminus
one

amino

terminus.

acid
The

at

a

time,

working

carboxy-terminal

amino

towards

the

acid

covalently

is

amino

attached to an insoluble supporting resin, Pepsyn KA, which
is a composite of a

polyacrylamide gel held within the

pores of a Keiselguhr matrix. The alpha-amino group of this
first

residue

is

temporarily

protected

by

the

9-

fluorenylmethyloxycarbonyl (Fmoc) group. The Fmoc protecting
group is base labile and can be removed with a 20%

solution

of piperidine in dimethylformamide. The next amino acid,

also Fmoc protected, is coupled via amide bond formation to
the

deprotected carboxy-terminal residue. The activation

required for the acylation
pentafluorophenyl

esters

hydroxybenzotriazole
alpha-amino

group

is
of

providedby using active
each

amino

(HOBt) as a catalyst.

deprotection

and

by

couplingis

necessary to

assemblethe

desired peptide chain. After the peptide is assembled,
must

be

cleaved

from

the

support

and

1-

The process of

followed

repeated for as many cycles as

acid

any

side

it

chain

protecting groups must be removed.

The cleavage of the
by

soaking

the

trifluoroacetic
ethanedithiol

peptide from the resin was achieved

resin/peptide

for

two

hours

in

a

acid mixture containing 5% thioanisole, 3%
and 2% anisole.

The dissolved peptide was

filtered into a ten-fold excess of cold diethyl ether, where
it precipitated as a white powder.

ii) Purification

After TFA cleavage and extraction, the crude peptide was
washed twice with ether and dried under vacuum.
contaminants

were

removed by gel

filtration

Organic

through

a

column of Sephadex G 25-100 in 25% acetic acid. Fractions
were

collected

peptide

was

and

done

lyophilized.

with

a Waters

Analysis
Delta

of

Prep

the

crude

HPLC,

using

Bondapak C-18 analytical and semi-preparative columns. The
fragments from chromatography were quantitatively separated
and lyophilized again.

iii) Mass Spectroscopy

For the determination of the molecular weight

of the

purified peptide, the peptide samples were analyzed using a
252Cf Plasma Desorption Mass Spectrometer (PDMS) BIO ION 20
(Bio

Ion

Nordic

AB,

Uppsala,

Sweden) .

In

PDMS,

the

spontaneous fission of the 252Cf source emits high energy
fragments that desorb and ionize the sample molecules from a
target foil.

The operating conditions for analyses were as

follows:

acceleration

the

voltage

was

15

kV

with

8 K

channels being monitored for a duration of 1 million counts
(about

10

minutes).

nitrocellulose-coated
solution,

The
target

samples
in

a

were

applied

to

a

50:50

water:ethanol

allowed to absorb for 10 minutes before loading

into the instrument.

iv) CD Spectra

The CD Spectra of the HEAAE 11-monomer

in 0.01 M MOPS

solution (0.2 mg/ml of peptide concentration) at neutral pH
was measured by a JASCo Model 500C CD Spectropolarimeter
with a jacketed cylindrical cell

(Wilmad, pass length 0.5

cm). Stock solutions containing 0.15 M NaCl and 0.01 M MOPS
with

no

guanidine,

1 M,

2 M,

and

4 M

guanidine

were

individually titrated to pH7.0 to measure the CD Spectra in
the presence of guanidine.

The molar ellipticity of the

peptide was calculated by the following equation:

[0] = 100 x 0 / number of amino acids in peptide x
(mole/1)
x 1

where

[0] ; molar ellipticity

mdeg cm2 / dmol

0

; ellipticity

mdeg

1

; pass length

0.5cm

The concentration of peptide for the CD experiment was
measured by a modified Lowery method using a BCA protein
assay kit (Pierce Co, IL).

v) Size Exclusion

Size exclusion chromatography of the peptide was carried
out by using a 1.6 cm by 90 cm column of Sephadex G50F
(Pharmacia). The

eluent

was

monitored by measuring

the

absorbance at 280 nm.

The protein standards and peptides

(0.1 to 0.5 mg, Sigma)

were applied to the column in 0.5 ml

of 0.05 M MOPS buffer, pH7.0,

5% Glycerol,

0.1%

Sodium

Azide and different concentrations of NaCl

(from 0 to 1.0

M) , and eluted with the same buffer without glycerol at a
flow rate of 0.3 ml/min. Blue Dextran (Sigma Co.) was used
to measure

void volume. The apparent molecular weights of

HEAAEII were determined from the standard curve,
aggregation

numbers

were

calculated by

and the

dividing by

the

monomolecular weight.

B) In vitro and in vivo expression of HEAAEII
i) Synthesis of oligonucleotide

Oligonucleotides

for the construction of HEAAE II were

synthesized using an Applied Biosystems,

Inc.

(ABI) Model

380A DNA Synthesizer. The procedure for the synthesis was
essentially as described in the manufacturer's instructions.
The oligonucleotides were purified using ABI oligonucleotide
purification cartridges. Deprotected, crude oligonucleotide
in 2-3 ml cone. ammonium hydroxide was added to 1 ml of
deionized water.

The oligonucleotide solution was loaded on the cartridge,
which had been previously flushed with 5 ml of acetonitrile
flooded with 2.0 M triethylamine acetate.
reloaded and the

final

eluted

The eluate was

fraction was put

through

another cartridge until exhausted of trityl oligonucleotide.
The

cartridge

was

flushed three times

with

5 ml dilute
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ammonium hydroxide and then two times with 5 ml deionized
water.

The support bound oligonucleotide was detritylated two
times with 5 ml of 2% trifluoroacetic acid solution.

The

cartridge was again flushed two times with 5 ml deionized
water.

The

flushing

detritylated

the

cartridge

oligonucleotide
three

times

with

was

eluted

1 ml

of

by
20%

acetonitrile solution. The eluant was evaporated and then
dissolved in Tris HC1, 7.0 buffer containing 20 mM Tris and
2 mM EDTA.

The DNA coding for the first and second stage fragments of
HEAAEII protein was synthesized as four overlapping, single
stranded oligonuleotides for each fragment.

The sequences

are as follow:

1st stage fragment

A) 5'-GATCCAACAA TGCTTGAAGA GCTCTTTAAA AAAATG-3'
B) 5'-TCAGTCATTT TTTTAAAGAG CTCTTCAAGC ATTGTTG-3'
C) 5 1-ACTGAGTGGA TCGAAAAAGT GATCAAAACT ATGTAGG-3'
D) 5'-AATTCCTACA TAGTTTTGAT CACTTTTTCG ATCCAC-3'

2nd stage fragment
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E)

5'-CCTCGAGCATCCTGCCTGGT CCCATCGTTT TGATCAC-3'

F)

5'-CAAAACGATGGGACCAGGCA GGATGCTCGA GGAGCT-3'

G)

5'-TTTCTCGATCCACTCGGTCA TCTTTTTGAA GAGCT-3'

H)

5'-CTTCAAAAAGATGACCGAGT GGATCGAGAA AGTGAT-3'

The oligonucleotides were kinased and annealed by heating
single strands to 90°C for 10 min. and then cooling to room
temperature.

ii) Sequencing

For the sequencing of synthesized HEAAE II-tetramer gene
in pUC19, the procedure described by the manufacturer (USB,
OH) and Zhang et al (1988) was followed.

About 3 |lg of cesium-chloride purified plasmid DNA was
incubated at room temperature for 5 minutes in 20 (11 0.2 M
NaCl

and

0.2

mM

EDTA

solution.

The

DNA

neutralized by adding 2 (11 of 2.0 M NH4AC
ethanol

precipitation

and

washing,

mixture

was

(pH6.4) . After

denatured

DNA

was

immediately annealed with primer at 65°C for 3 to 5 minutes,
and then cooled slowly at room temperature.
template-primer mixture

The annealed

(10 (ll) was polymerased by adding

1.0 (11 of DTT (0.1 M) , 0.5 (11 of [35S] dATP, 2.0 (11 of dNTP
mix and 2.0 (11 of Sequenase. The reaction was terminated by

adding 2.5 (J.1 of ddNTPs termination mix to each tube after 5
minutes of incubation at room temperature. Stop solution was
added to each tube after 3 to 5 minutes of incubation at
37°C.

Samples were boiled for 3 minutes and then loaded onto 8%
acrylamide urea gel (20 g of urea,

8 ml of 40% acrylamide-

bisacrylamide, 2 ml of 10 x TBE, 14 ml of double distilled
water,

0.2 ml

of

10%

ammonium persulfate

and

60 |ll of

TEMED) . The gel was run for about 2 hours at 45 W. After
washing,

the gel was fixed with a 10% acetic acid - 10%

methanol solution for 15 minutes, and attached to 3 MM paper
for detection on X-ray film.

iii) Gene construction

To obtain multimeric HEAAE II DNA, the 70 bp first stage
cloning sequence was cloned into the BamHI - EcoRI sites of
pBR322. Then the second fragment (72bp) was cloned into the
SacI site created by the first fragment (Figure 5).

The second fragment was originally designed to have one
inactivated SacI site at the 5' end which can be inactivated
after cloning into the SacI site of the first

fragment.

Therefore,

only one SacI site should be cut by the enzyme

digestion

(Figure 5) . However,

it was not inactivated by

SacI digestion as it was designed but generated a 72 bp
fragment

due

to

the

incorrect

synthesis

oligonucleotides (sequencing data not shown).
could be solved by

of

synthetic

This problem

inserting a multimerized second fragment

into the SacI site of the pUC19-monomer. Orientation and
sequence of these clones have been confirmed by

EcoRI -

Xhol digestion and double strand sequencing of the pUC19tetramer (Figure 7) .

Prokaryotic expression vector pKK223-3
used to obtain the stable expression

(Figure 4)

was

of HEAAEII in E.coli.

This vector contains the strong trp-lac (tac)

promoter

(de

Boer at al., 1983) which can be de-repressed by IPTG.

-35

-10

5 '-TGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGAT

S/D
AACAATTTCACACAG6AAACAGAATTC-3 '

DNA sequence of the tac promoter through the EcoRI site of
the polylinker

The PstI - EcoRI fragment
which

contains

the

sequence

(299bp) of the pUC19-tetramer
of

HEAAE

II

tetramer

was

electroeluted from 1.2% agarose gel and cloned into the PstI

50
- Hindlll site of pKK223-3, via Bluescript M13+ (Stratagene)
(Figure 4, and 6).

The

insertion and orientation of the

determined by BamHI EcoRI) digestions.

cloned gene was

EcoRI and Xhol - Hindlll

(or Xhol -

The correct insert should show a 286 bp

fragment of the HEAAEII gene and a 251 bp fragment derived
from

the

vector

by

BamHI

-

EcoRI

digestion.

multimeric insert has the correct orientation,

If

the

it should

show only a 72 bp fragment, but no 142 bp fragment by Xhol Hindlll digestion (Figure 7).
iv) In vitro expression

In vitro transcription and translation was performed by
introducing the Xbal - Hindlll
tetramer

into

the

pSP65

fragment

(Figure

6)

to

of the pKK223-3
investigate

the

efficient translation and complete full length expression of
the HEAAE II gene.

For the in vitro transcription pSP65

tetramer was linearized with Hindlll digestion to generate
template DNA.

The

Riboprobe
was

Gemini
used

in

vitro

according

Transcription

(Promega,

WI)

to the

manual :

20 |ll of 5 x transcription buffer

System

manufacturer's
(200 mM Tris-

HC1, pH 7.5, 30 mM MgCl2 , 10 mM spermidine and 50 mM NaCl),
10 |ll of 100 mM DTT, 4 fXl (100 U) of RNasin, 20 ^ll

of NTP

5 1
S p h I 2 5 7 ?,
Ssp I 2111

N ae I 2 7 J
Nhe i
2763

Xm nI 1 9 0 6
S ea I 17 8 V

/

S P 6 f
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\\
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Figure 4. Restriction map for the vectors used for the
construction of HEAAEII tetramer. a) pSP65 for in vitro
expression b) pKK223-3 for in vivo expression o) pBI121 for
tobacco transformation
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A)
BamHI

SacI

Dra I

EcoRI

GATCC4ACAATG' :t t g a a g a g c t c t t t a a a a a a a t g a c t g a g t g g a t c g a a a a a g t g a t c a a a a c t a t c TAGG
T n T T n r i SAACTTCTCGAGAAATTTTTTTACTGACTCACCTAGCTTTTTCACTAGTTTTGATAC AiaCTTAA
Plant consensus

Termination

B)
Xhol
T<j>J

GTTCAAAAAGATGACCGAGTGGATCGAGAAAGTGATCAAAACGATGGGACCAGGCAGGATGCTCGAGGAGCT
TCGACAAGTTTTTCTACTGGCTCACCTAGCTCTTTCACTAGTTTTGCTACCCTGGTCCGTCCTACGAGCTCC

C)
Helical region
Met Leu Glu Glu Leu Phe Lys Lys Met Thr Glu Trp lie Glu Ly
Turn
Val lie Lys Thr Met —

Gly Pro Gly Arc

Figure 5. A) first stage cloning sequence B) second
stage cloning sequence C) repeating protein domain
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EcoRI

HEAAEII 1st
fragment

SacI
Bam HI

HEAAEII
2nd fragment
EcoRI

Bam HI

pUC-monomer
2nd fragment
pUC-tetramer
PstI

HEAAEII tetramer

Pstl-EcoRI
Bluescripts

Hindlll

M13+

HEAAEII tetramer

'tac

Pstl-HindHI
pKK tetram er
Xbal

HEAAEII tetramer

Hindlll

SP6

Xbal-Hindlll
Amp

pSP tetram er

Figure 6. Cloning scheme of HEAAEII-tetramer into the
pKK223-3 and pSP65 for the in vivo and in vitro
expression.

PstI

mix

(2.5 mM each) and 2 |lg of linearized pSP65-tetramer

were added into an eppendorf tube and mixed well. Five |ll
[a-32P]

(50 |lCi at 10 mCi/ml) , 20 units SP6 RNA polymerase

and DEPC-treated water was added to a final volume of 100 HI
and incubated at 37°C for 60 minutes. The DNA template was
removed by

2 units of RNase-free DNAsel

(BRL) treatment at

37°C for 15 minutes. The reaction mixture was extracted with
equal volumes of phenol:chloroform,

followed by chloroform

and then recovered by sodium acetate/ethanol precepitation.
The

transcripts

were

checked

with

10

%

SDS-PAGE

and

autoradiography.

Wheat germ extract (Promega, WI) was used for cell-free in
vitro translation of the HEAAE II-tetramer transcripts.

The

template

and

mRNA

was

heated

at

67°C

for

10

minutes

immediately cooled on ice to destroy the secondary structure
of transcripts. Twenty five (11 wheat germ extract,
water,

10.5 |ll

1 (11 RNasin (40 U) , 4 (ll amino acids mixture

each except methionine),

2 |ll RNA transcripts

(1 mM

(2.0 |lg of

HEAAEII transcripts and 1 (lg of BMV control each) and 2.5 |ll
35S-methionine were mixed to a final volume of 50 |ll. The
reaction mixture was incubated at 25°C for 60 minutes The
translation

products

were

Coomasie blue staining,
al., 1987).

analyzed

with

15%

and autoradiography

SDS-PAGE,
(Ausubel et
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A)
-74 b p

Xhol

Xhol

Xhol

Hidlll

----

—

BamH
I

SacI

^Sacl

M SacI

EcoRI

■72 bp

-72 bp

Correct orientation generate 72bp + 74 bp bands

B)
-74 bp

C—
Xhol

Xhol

Xhol

n
' Hindlll

{ IIMi
BamHI

SacI
-126 bp

SacI
-72 bp

^ SacI

EcoRI

-74 bp ----------- 1
Xhol

Xhol

Xhol

Hindlll

---

----BamHI
SacI,

SacI

SacI

EcoRI

-126 bp -

r
Xhol

Xhol

-138 bp

Xhol

i
BamHI

SacI

SacI

-72 bp

i

SacI

Higdlll

EcoRI

Incorrect orientation generates 72 bp + 126 or 138 bp
bands

Figure 7. Determination of the orientation of HEAAEII
tetramer inserts in pKK223-2. The clone with the correct
orientation (A) will generate 70 bp fragnment by Hindlll
-Xhol digestion. The larger fragment will be detected if
the orientati.on is not correct (B) by Hindlll -Xhol
digestion.
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v) In vivo expression

A modified Sancar's method

(Sancar et al., 1981) and E.

Coli

CSR603were used for in vivo expression of HEAAE II.

When

E. Coli CSR603 is irradiated with U.V. light (254 nm) ,

DNA synthesis is stopped and chromosomal DNA is extensively
degraded. However,

ColE I type multicopy number plasmids,

such as pBR322 and pKK223-3, can escape the U.V irradiation
and

replicate

with

increased level

compared

to

the

chromosomal DNA. Therefore, the proteins encoded on plasmid
gene

can be

detected by isotope labeling

(Sancar et

al.,

1979) .

The HEAAE II tetramer construct was tranformed into the
CSR603 by a calcium chloride method.

Transformed CSR603 was

grown in K medium + uridine (11 g Na2HP04.7H20, 3 g KH2PO4, 5
g NaCl, 10 mg thiamine, 0.2 mM MgS04, 0.04 mM CaCl2 per liter
and 1% glucose,

1%

CAA

(Casamino Acid)

pH7.0) overnight at 37°C. The culture
with

10 ml of K medium + uridine

and 0.1% Uridine

was diluted 100 fold
and grown until

cell

concentration reaches 2 X 108 cells/ml. The culture incubated
again and diluted (1:50) with 10 ml K medium + uridine. The
culture was grown to 2 X 108 cells/ml.

The cells were irradiated with UV (450 ergs/cm2 /sec) in a
petri dish for 2 minutes with stirring and transferred to

125 ml

flask

culture

wasincubated

additional
mg/ml) .

containing
in

13 to 14
At

the

dark

hour period

the end

cycloserine

20 ml K medium

of this

(200 mg/ml)

was

for

+ uridine.
2 hours

The

and

with cycloserine

incubation
added

an
(200

period,

more

and incubated

an

additional hour. At this stage the number of survivors was
checked by plating 100 (11 of cell culture on an LB plate.

Cells were harvested by centrifugation and washed twice
with 2 x sulfate-free Hershey medium.
Hershey medium is;

The composition of

100 ml Hershey salts

(NaCl 5.4 g, KC1

3.0 g, CaCl2 2H20 15 mg, MgCl2 6 H 20 203 mg, FeCl36H20 0.2 mg,
KH2PO4 87 mg and Tris 12.lg per liter, pH 7.4), 2 ml of 20 %
glucose, 0.5 ml of 2 % threonine, 1 ml of 1 % leucine, 1 ml
of

2% proline,

thiamine.
mCi/ml)

1 ml

of

2% arginine,

The culture was labeled with
and

incubated

for

1 hour

at

and

1 ml

of

0.1%

[35S]methionine
37°C.

Cells

(5

were

harvested and resuspended in 200 (11 of 2 x sample buffer
(Tris 1.51 g, glycerol 20 ml, SDS 4 g, 2-mercaptoethanol 10
ml,

Brome Phenol Blue 2 mg, and the volume adjusted to 100

ml with H2O pH6.75). Fifty |il/well of sample was loaded on a
15% polyacrylamide gel and bands were detected by exposing
on X-ray film.
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C) Tobacco transformation with HEAAEII
i) Gene construction

As an intermediate vector for binary transformation, pBI
121

(Clontech,

glucuronidase

CA) was used.

This vector contains the 13-

(GUS) cassette under the control of the 35S

promoter and NOS terminator (Figure, pBI121). Transformants
of this vector can be selected with kanamycin in E. coli, A.
tumefaciens,

and plants because it contains the neomycin

phosphotransferase gene.

To obtain the pBI-tetramer, the 290 b.p long Xbal - ECoRV
fragment, containing the HEAAEII tetramer, was purified by
electroelution from the pKK-tetramer. This fragment was
cloned into the Xbal - Smal site of pBI 121 (Figure 8) and
the resultant pBI-tetramer construct was selected. The 3'
NOS terminator could be inserted between HEAAEII and GUS by
exchanging the 2.1 kb EcoRI fragment of pBI-tetramer with
the 3.3 kb EcoRI fragment of PBDT2. The resulting construct,
pBI-tetramer-T, was used for the Agrobacterium
transformation.

ii) Agrobacterium Transformation with pBI tetramer-T

The disarmed Agrobacterium strain, LBA 4404 (Clontech, CA)
was used for the transformation of tobacco. The procedure

for the transformation of the intermediate vector pBI121 was
followed by the method developed by Holster et al
LBA4404 was grown in AB BIO medium

(1978).

at room temperature for

two days. AB-BIO medium was prepared as follow:

AB—BIO stock

AB salt (10X) K2HPO4

30.0 g

NaH2P04

10.0 g

NH4C1

10.0 g

KC1
filter

1.5 g

sterilize with Nalgene

per

liter

0.22 micron filter ware

(Nalgene Co).

AB medium

Glucose
CaCl2.2H20 (13 mg/ml)
MgS04.7H20
FeS04.7H20 (25 mg/ml)

5 g/1
1 ml/1
0.3 g/1
0.1 ml/1

Dissolve in 900 ml H2O and add 20 g Difo Bactoagar, and
autoclave. Then add 100 ml of 10 X AB-BIO salt, 1 ml biotin
(0.2 mg/ml) and kanamycin (100 mg/1).

The culture was diluted with AB-BIO medium by 25 fold (50
ml) and grown again until an O.D was reached of 0.5 to 1.0
at 600 nm. The culture was chilled on ice for 10 minutes and
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Xbal
EcoRV

'HEAAEII tetramer

Xbal

Smal

-35S

pKK
tetramer

Hindlll

35S

EcoRI

:g u s
3'nos

p B I121

Xbal-EcoRV into
Xbal-Smal site
EcoRI
y

EcoRI

EcoRI

| Hindlll

'HEAAEII WMt.,GUS

3'nos

3'nos

2/35S
PstI

pBI tetramer

rrrc

HI
35S

pBDT2

Insert EcoRI
fragment into pBI
tetramer

Remove EcoRI
fragment

35S3-HEAAEII
3 nos
Hindlll

Hindlll

pBI tetramer-T

Figure 8. Cloning scheme of HEAAEII tetramer into
the intermediate vector pBI121.

3'nos

centrifuged

at 4000 rpm at 4°C. The pellet was resuspended

in 1 ml of cold 20 mM CaCl2 solution and dispensed to 0.1 ml
aliquots. One (ig of plasmid DNA was added and immediately
frozen with liquid nitrogen. The frozen cells were thawed in
a 37°C water bath for 5 minutes. The mixture was resuspended
with 1 ml YEP and incubated at room temperature for 2 to 4
hours to allow expression of the kanamycin resistance gene.
The cells were spread on YEP agar plates with kanamycin and
incubated for two to three days at room temperature. Plasmid
DNA could be isolated and the correct transformation was
checked by gel electrophoresis.

To determine the stability of the intermediate vector in
Agrobacterium, the plasmid was isolated and analyzed.

The

procedure was based on Birboim and Daly (197 9) modified by
An et al (1988) .
medium at 28 °C.

Agrobacterium was grown in 1 ml AB-BIO
The overnight culture was pelleted and

then resuspended in 0.1 ml of solution I (50 mM glucose, 10
mM EDTA, 25 mM TrisHci, pH 8.0 and 4 mg/ml lysozyme). Ninety
(11 of phenol saturated with solution II
NaOH)

was

acetate,

then added

pH4.8.

followed by

(1 % SDS,

0.2 N

150 |ll of 3 M sodium

The tube was incubated and centrifuged.

The supernatant was ethanol precipitated, washed and dried
by vacuum dessication.
(11 DNA solution

The pellet was then resuspended in 5

(TrisHCl 20 mM, EDTA

1 mM) .

was cut with EcoRV and run on an agarose gel.

The plasmid
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iii) Transformation of tobacco leaf discs

In vitro grown tobacco plants were used for the infection
studies. Tobacco (Nicotiana tabacum var. Xantii) seeds were
surface sterilized with 0.5% sodium hypochlorite

(10% v/v)

and 0.1% Tween 20 for 10 minutes, rinsed three times with
double distilled sterile water and placed on germination
medium (4.3 g MS salts (Gibco), 30 g sucrose, 8.0 g agar) in
plastic petri dishes. After one week,

seedlings which had

germinated were transplanted into Magenta boxes and grown
four to six weeks. Healthy looking plants were used for the
transformation.

Tobacco cell suspension cultures (nurse culture) were used
to improve the transformation efficiency. Cell cultures were
maintained
culture
stock

by

changing

(4.3 g MS salt,
(100

mg

the

media

with

30 g sucrose,

myo-inositol,

10

mg

fresh

suspension

5 ml B5 vitamines

thiamine-HCl,

1 mg

nicotinic acid and lmg pyridoxine-HCl per ml) and 1 mg 2,4
dichlorophenoxyacetic acid (2.4 D) per liter, pH5.8) every
two weeks. The cultures were kept at room temperature with
constant agitation of 150 rpm.

To prepare nurse cultures, the tobacco suspension culture
was first filtered through a 540 flm sieve-mesh-filter unit.

After filtration of suspension culture,
transferred

to

50

ml

sterile

the filtrate was

polypropylene

tubes

and

centrifuged for 20 minutes at 4000 rpm. The supernatant was
discarded, and the pellet was resuspended in MSO medium (4.3
g MS salts,

1 ml B5 vitamine stock, 30 g sucrose and 0.8%

agar per liter, pH5.7) . Washing was repeated to completely
remove the 2.4 D which interferes with the hormone balance
required for shoot regeneration.

Approximately

1

ml

of

tobacco

cell

suspension

was

dispensed on each culture medium in petri dishes and covered
with Whatman

#1 filter paper.

rinsed several times with

The filter paper had been

double-distilled deionized water

and autoclaved before being placed on the MSO medium.

Leaf disks from these plants were prepared by punching the
leaf using a 7.0 mm diameter cork borer.

The explants were

precultured for 1 to 2 days upside down on MS 104 medium
(1.0 (ig benzayladenine (BA) , 0.1 mg napthaleneacidic acid
(NAA)

per

tumefaciens

ml

of

MSO)

LBA4404

was

to

allow

grown

in

initial
10

ml

growth.
AB-BIO

A .
medium

overnight at room temperature. After centrifugation for 10
minutes at 4500 rpm, the bacterial pellets were resuspended
in MSO to a final concentration of 108/ml.

Explants

were

inoculated by immersing them in a resuspended culture of A.
tumefaciens LBA4404 for 2 to 10 seconds. The explants were

64
then blotted dry and put upside down on nurse culture plates
prepared previously.

iv) Selection of transformed plants

The

explants

were

incubated

for

two

days

and

then

transfered to MS selection media (500 flg/ml carbenicillin or
300

^.g/ml

cefatoxim

in

MS104) .

After

three

weeks,

regenerated shoots, on the edges of leaf discs, were excised
and put on the rooting medium (MSO with 0.6% agar, 300 [lg/ml
cefatoxim and 100 jlg/ml kanamycine) . Shoots which developed
roots were assayed for |3-glucuronidase activity (Jefferson,
1987) . The root tips which turned blue in 5-bromo-4-chloro3-indol-l
incubation

glucuronide
were

(X-Gluc)

selected.

solution

after

The plantlets

which

15

hours

developed

roots after about two to three weeks and showed positive GUS
results were transfered to sterile Jiffy pots, and placed in
magenta boxes. The plants were then transfered to bigger
pots two weeks after and grown in the greenhouse.

D) Detection of transformed plants.
i) Fluorometric GUS assay

The procedure described by Jefferson (1987) was followed
for the fluorometric GUS assay. About 0.1 g of leaf tissue
was ground in an eppendorf tube containing 200 ml of GUS

extraction

buffer

(50

mM

NaPCM,

pH7.0,

10

mM

(3-

mercaptoethanol, 10 mM Na2EDTA, 0.1% sodium lauryl sarcosine,
0.1% Triton X-100) and glass beads. Ten p.1 of extract was
added to 0.5 ml assay buffer (GUS extraction buffer with 1
mM methyl-umbelliferyl

P~D-glucuronide

thoroughly.

intervals

At regular

(MUG)) and mixed

100 |ll aliquots of the

mixture was added to 0.9 ml stop buffer (0.2 M Na2C03) .

The

MU

concentration

was

determined

using

TKO
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Spectroflurometer (Hoefer Scientific Inst., CA) exitation at
365 nm, emission at 455 nm. Total protein concentration was
determined by the method of Bradford (1976) using the Pierce
BCA protein assay reagent. The tobacco plants with high
levels of GUS expression were selected for further analysis.

ii) Tobacco genomic DNA isolation

To determine the stable integration of the HEAAEII gene
into the tobacco genome,
the procedure of Chen
tissue was
pestle.

The

tobacco leaf DNA was isolated by

(1986, CHL) . About 2.0 g

ground and liquid nitrogen

of fresh

in a mortar with

ground powder was transfered into a 15 ml

falcon propropylene tube and 6 ml urea extraction buffer
(168 g urea, 25 ml of 5 M NaCl, 20 ml of 1 M TrisHCl pH8.0,
16 ml of 0.5 M EDTA, 20 ml of 20% sarcosyl and 190 ml water)
was added to the tube.
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A 16 ml 1:1 mixture of phenol chloroform was added into
each tube and agitated vigorously. The mixture was left at
room temperature for 15 minutes then centrifuged at 8 K for
10 minutes at 4°C. For every 6 ml of the supernatant, 1ml of
4.4 M ammonium acetate

(pH5.2) and 6 ml of isopropnol were

added. The mixture was centrifuged in a clinical centrifuge
for 3 minutes at top speed and the DNA pellet was recovered
by discarding the supernatant. The DNA pellet was washed
with 80 % cold ethanol,

vacuum dried and dissolved in TE

buffer.

iii) Southern transfer

The procedure

described by Maniatis

et al

(1983)

was

followed for the Southern transfer of tobacco genomic DNA.
Five

|lg of

purified

DNA

was

completely

digested

with

Hindlll, and run on a 1.0% agarose gel. To compare the copy
number of the HEAAEII gene incorporated into the tobacco
genome, pBI tetramer-T

(13.2 kb) was digested with Hindlll

as a control and loaded as 1 x,
The

copy number

of HEAAEII

and 5 x copy number.
in tobacco

chromosome

was

calculated as follow:
1 pg = 0.965 x 109 bp = 6.1 x 1011 dalton
Tobacco genome size

3.9 pg = 3.76 x 109 bp

Therefore, for single copy number 5 |lg x 1.32 x 10V

3.7 6
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x 109 = 1.76 x 10 5 jig of pBI tetramer-T.

The DNA was transferred with 10 x SSC
44.1

g

sodium

citrate

pH

7.0 per

(87.5 g of NaCl,

liter)

on

Duralon-UV

(Stratagene, CA) membrane after denaturation (1.5 M NaCl and
0.5 M NaOH per liter) and neutralization (1 M TrisHCl, pH8.0
and 1.5 M NaCl per liter) of gel. The gel was soaked for 5
minutes

in

10 X SSC before

transfered to the membrane.

Transfer of the DNA to membrane was by traditional capillary
blotting. After 12 to 16 hours of transfer,
washed with 6 X SSC

the blot was

at room temperature for 5 minutes and

air dried on a sheet of 3MM paper and baked under vacuum at
80°C for 2 hours.

iv) HEAAEII probe preparation

Probe for the hybridization was prepared by using a Random
primed DNA labeling kit (Boehringer Mannheim, IN). The exact
HEAAEI I-tetramer
template

(2 90 bp)

fragment

was

used as

the

DNA

for probe production. The DNA fragment (25 ng) was

denatured by heating for 10 minute at 95°C and subsequent
cooling on ice. The denatured DNA was mixed with 3 |ll of
dNTP mixture

(dATP, dGTP, dTTP) , 2 (11 of reaction mixture,

and 5 (11 of [a32P]dCTP (3000 Ci/mmole) . The reaction mixture
was made up to 19(11 with sterile water and incubated for 30
minutes at 37°C with 1 (11 of klenow enzyme. The reaction was

stopped by

adding

Nonincorporated

2 p.1 of

dNTPs

0.2

were

M EDTA to the mixture.

removed

by

seperation

on

a

prepacked Sephadex G-50 column (5prime-3prime, INC., PN) as
described in the manufacturer's manual.

v) Hybridization of southern blot with probe

The procedure
transferred

for the hybridization of DNA probe with

paper

was

described

by

the

manufacturer

(BioRad). The membrane was prehybridized for 2 hours at 42°C
in a solution which

contains

10% dextran

deionized

formamide,

1% SDS,

0.9 M NaCl

denatured

sonicated

salmon

sperm

DNA.

sulfate,

50

%

and

200 |lg/ml

The

amount

of

prehybridization solution was 0.25 ml/cm^ of the membrane.

The prehybridization solution was poured off and the fresh
hybridization solution (0.5 ml/cm2) and heat denatured probe
<107 cpm/ml of hybridization solution)

were added to the

hybridization bag. Hybridization was carried out at 42°C for
12 to 18 hours with constant agitation in a water bath.

The blot was washed with 1 X SSC, 0.1% SDS solution for 10
minutes at room temperature.

The second washing was done at

60°C with 1 X SSC, 0.1% SDS solution. The radioactivity in
the

blot

was

monitored

carefully

after

5

minutes

determine how much longer the blot must be washed.

to

The blot
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was dried and exposed for autoradiographic detection.

vi) Total RNA isolation

To

determine

the

expression

of

the

HEAAEII

gene

in

transgenic plants, the procedure outlined by de Vries et al.
(1988)

was

followed.

Plant

tissues

immediately put in liquid nitrogen.

were

harvested

and

Material was ground and

then added to a 1:1 mixture of RNA extraction buffer (100 mM
LiCl,

1% SDS,

100 mM Tris NaOH,

phenol pre-heated to

90°C

pH9.0,

10 mM EDTA)

(1ml buffer/g of tissue).

mixture was agitated, occasionally

and
The

heated in 90°C waterbath

to obtain milky suspension and put in a gyratory shaker for
5 minutes at room temperature.

One ml chloroform was added

for every gram fresh weight of plant material and shaken for
15-30 minutes at room temperature.

The milky suspension was

centrifuged at 20 Kg for 30 minutes at 25°C.

The resulting

aqueous upper phase was taken and 1 ml chloroform per gram
fresh weight of plant material was added.

The mixture was

again agitated on a gyratory

15 minutes

shaker

for

centrifuged for 15 minutes at 12 Kg at 25°C.

and

The resulting

aqueous phase was removed and the RNA precipitated by adding
1/3 volume of 8 M LiCl and allowing the solution to stand
16-48 hours at 4°C.
minutes at 4°C.

The RNA was pelleted at 12 Kg for 30

The pellet was washed with 2 M LiCl at 4°C

and then washed with 80% ethanol, and finally vacuum dried.
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The

pellet

was

dissolved

in double-distilled

water

and

stored at -70°C.

vii) Preparation of poly A RNA

Poly A RNA was purified from total RNA using Hybond-mAP
messenger

affinity

paper

(Amersham)

according

to

the

manufacturer's manual. Messenger affinity paper was cut to 1
cm2 in size and pre-wetted with 0.5 M NaCl solution. Total
RNA was heat denatured at 60°C for 5 minutes and then 5 M
NaCl was added

to adjust the final concentration to 0.5 M.

Hybond mAP paper was placed on the side of a sterilized
disposable petri dish at 60° slide, then the RNA solution was
loaded on the top of the paper.

Alternatively,

piece of

Hybond paper was soaked in the RNA solution with continuous
agitation. After loading, Hybond paper was air dried at room
temperature and then washed three times with 5 ml of 0.5 M
NaCl to remove the unbound RNA. The paper was placed in 80%
(v/v) ethanol/water for 2 minutes, and then blot dried on 3
MM paper.

Bound mRNA was washed with minimum volume of

sterilized water by heating 70°C for 5 minutes.
mRNA was recovered by ethanol precipitation.

Dissolved

viii) Northern transfer

The

formaldehyde

containing

RNA

gels

were

prepared

according to Maniatis, et al (1982) . A gel was prepared by
melting agarose in water (3.0%) cooling to 60°C and addition
of 5 X gel buffer and formaldehyde to give 1 X and 2.2 M
final concentrations,
0.2M MOPS,

pH7.0,

respectively.

50 mM

sodium

Five X gel buffer is
acetate

and

5 mM

EDTA

(pH8.0) .

The RNA samples were prepared by mixing RNA (up to 2 0 H<g)
4.5 ill, 5 X gel buffer 2.0 Ji.1, formaldehyde

3.5 |ll, and

formamide 10.0 Hi • The mixture was incubated at 55°C for 15
minutes.

2 Hi of loading buffer (50% glycerol,

1 mM EDTA,

0.4% bromophenol blue, 0.4% xylene cyanol) was added to the
RNA mixture before it was loaded on the gel.

The gel was

run at a constant voltage of 50 V. After electrophoresis,
the gel was neutralized by soaking in 0. 1M TrisHCl
for 45 minutes at room temperature.

(pH7.5)

The gel was then soaked

in 20 X SSC for 1 hour. The RNA was transferred to a Duralon
membrane by traditional
buffer.

capillary method using

10 X SSC

After the transfer, the membrane was baked under

vacuum at 80°C.
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ix) Hybridization of northern blot with probe

The

membrane

was

prehybridized

using

0.2

ml

of

prehybridization fluid per cm^ of membrane for about 1 hour
at 42°C with constant agitation. The prehybridization buffer
consisted of 50 % deionized formamide, 10% dextran sulfate,
1 % SDS,

1M

sodium

chloride

and

100

^ig/ml

denatured

sonicated salmon sperm DNA. The hybridization mixture was
the same as the prehybridization solution.

The probe used

was the 2 90 bp HEAAEII tetramer with at least 5x10^ cpm/ml.
Hybridization was done overnight at 42°C.

Washing following hybridization was carried out in two
steps.
X

SSC,

First, the membrane was washed for 15 minutes with 2
0.1%

SDS

to

hybridization solution.

remove

the

unbound

probe

and

the

The second washing was with 0.1 X

SSC, 0.1 % SDS at 55°C for 5 minutes.

The radioactivity in

the membrane was monitored with a counter to determine if
additional washing was necessary.

Finally, the membrane was put on top of a 3 MM Whatman
paper

to

remove

excess

autoradiographic analyses.

solution

and

exposed

for
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x) Preparation of poly-clonal antibody

Rabbits were immunized using a Ribi Adjuvant System (RAS,
RIBI research, MN). The synthetic HEAAEII monomer (1 mg) was
dissolved with 1ml RAS and injected as follows:

0.3 ml intradermal (0.05 ml in each of 6 sites)
0.4 ml intramuscular (0.2 ml into each hind leg)
0.1 ml subcutaneous (neck region)
0.2 ml intraperitioneal

The rabbits were boosted every three weeks after the first
injection as described above and bled 10 to 14 days after
the second booster injection.

Purification
immunopure

of

IgG

manufacturer.

IgG from sera was performed by using

purification
Protein

equilibrated with

A

kit

as

described

AffinityPak

by

columns

the
were

5 ml of IgG binding buffer supplied with

kit and the serum was applied. The columns were washed with
15 ml of binding buffer and then eluted with elution buffer.
The 1.0 ml fractions were collected and the concentration
was

determined by

fraction

was

absorbance

desalted

with

at

280

an

nm.

The

collected

Excellulose

column

equilibrated with 10 ml of PBS (20 mM Sodium Phosphate, 100
mM NaCl,

pH 7.4) . A

1.25 ml sample of purified

IgG was
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applied to the column and the protein concentration of 1 ml
fractions were monitored by absorbance at 2 80 nm.

xi) Western Blot

The total protein was extracted from tobacco leaf tissue
with extraction buffer (50 mM TrisHCl pH7.5, 5 mM DTT, 0.05
% TritonXlOO, 50 mM EDTA and 0.19 mg/ml PMSF) and separated
on denaturing polyacrylamide gels by gel electrophoresis.
Tobacco leaves were ground in the liquid nitrogen and then
sonicated by pulse sonication for 5 minutes. The extracts
were centrifuged at 100K g, 4° C for 2 hours. The supernatant
were collected and precipitated with acetone after freeze
drying.

Samples

(10 Hg) were loaded on the 16.5% T, 3% C

Tricine-SDS polyacrylamide gel
1987) . The

proteins

were

and separated (Herman et al,
subsequently

transferred

to

Immobilon PVDF using a Hoefer trans-vac semi-dry transfer
system.

The procedure

for the transfer was

described by Pluskal et al
transfer buffer

followed

as

(1986) . The gel was soaked in

(25 mM TrisHCl pH 8.3, 192 mM glycine and

15-20 % (v/v) methanol) for 20 to 30 minutes. Membranes and
Whatman type 3MM chromatography paper were also equilibrated
in blotting buffer for 10 to 20 minutes after a 2 second
wetting in the

100% methanol.

The blotting assembly was

prepared in a sandwich configuration,

with the membrane

placed on the side of the gel facing the anode. The Hoeffer
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apparatus

was

run

at

60 mAmp

constant

current

for

30

minutes.

The membrane was dried and stored at 4°C until ready to be
immunostained. The membrane was re-wetted in 100% methanol
for 1-2 seconds followed by placing in water for 5 minutes.
The membrane was then incubated in a "blocking" solution (5
% (w/v) BSA,
hour

at

0.9% (w/v) NaCl in 10 mM TrisHCl pH7.4)

37°C

with

gentle

agitation.

The

for 1

membrane

was

thoroughly washed three times in 0.1% BSA, 0.9% NaCl, 10 mM
TrisHCl pH7.4 for 10 minutes each. The blot was incubated
with antiserum raised against HEAAEII peptide diluted 100
fold in a volume of 20 ml buffer (1% BSA,
0.9%

NaCl

in

10 mM TrisHCl

pH7.4)

for

0.05% Tween-20,
6 hour

at

room

temperature with gentle shaking. The blots were then washed
as described above before

incubation with the

detector antibody conjugates

(1:7500 dilution)

secondary
in 1% BSA,

0.01% Tween-20. 0.9% NaCl in TrisHCl pH7.4 for 30 minutes at
room temperature. The blots were washed again as described
above.

Detection of immunoreactive protein was carried out using
alkaline phosphatase

coupled to antirabbit

bromo-4-chloro-3-indolyl-phosphate

(BCIP)

IgG using
as

5-

substrate.

Sixty six [i.1 nitro blue tetrazolium (NBT, 50 mg/ml) and 33
HI

BCIP

substrates

were

mixed

for

every

10ml

alkaline

phosphatase

(AP) buffer

(100 mM TrisHCl,

pH

9.5,

100 mM

NaCl, 5 mM MgCl2 ) . The damp dried blots were incubated until
the band was detected. The reaction was stopped by washing
the blot with distilled water.

xii) Amino acid analysis of tobacco tissue

Amino acid analyses

of tobacco

tissue

and

synthetic,

purified peptide were done with a Waters Pico Tag amino acid
analyzer after acid (6 M HC1) hydrolyzation overnight. Total
protein concentration of the tobacco tissue was measured
with a Bio-Rad protein assay kit.

Results

1)

Design

of

artificial

and

storage

Discussion

protein

(HEAAE

II)

We designed the synthetic peptide HEAAE II (High Essential
Amino Acid Encoding gene II) , which has a high content of
the essential amino acids required for balanced diets in
humans

and

contains
essential

animals.

high

Specifically,

percentages

amino

acids

of

(MLEAA)

the
in

this

novel

five

most

plants,

peptide
limiting

which

are

isoleucine, lysine, methionine, threonine and tryptophan. It
has 1.8 times more of the essential amino acids compared to
zein or phaseolin. The difference in MLEAA is much higher,
containing 3 times more than phaseolin and 6.5 times more
than zein (Table 3).

The structural stability of a protein

is important

determining its susceptibility to proteolysis.

in

Most native

proteins are relatively resistant to cleavage by proteolytic
enzymes, whereas denatured proteins are much more sensitive
(Pace and Barret,

1984). Several findings suggest that the

stability of a folded protein is an important determinant of
its

rate

of degradation.

Therefore,

in addition

to the

nutritional quality, HEAAE II has been designed to have a
stable storage protein-like structure in plants. Its design
is based on the

structurally well-studied a type zein (Z19,
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Z22) of corn, which is suggested to have 9 repeated helical
units (Figure 9, Agros et al., 1982).

Each helical unit of

16 to 26 amino acids long is flanked by turn regions that
form an antiparallel helical bundle. Most of the amino acids
in the helices are hydrophobic residues.
Table 3. The essential amino acid content of the HEAAEII
series and other common proteins.

protein

EAA%

HEAAEII Monomer

78.9%

60.2%

2, 526

HEAAEII Dimer

73.8%

56.3%

5,402

HEAAEII Trimer

72.2%

55.1%

8,278

HEAAEII Tetramer

71.4%

54 .5%

11,154

5 MD EAA%a

Mol. wt

Ovalbuminb

43.9%

21.7%

42,933

Lactoalbuminb

47.7%

28.7%

14,Oil

Phaseolin0

39.4%

17.6%

46,502

Zein°

39.9%

8.5%

23,322

a. The five most deficient essential amino acids in plantderived proteins are isoleucine,
lysine, methionine,
threonine, and tryptophan.
b. Ovalbumin and lactoalbumin derived from egg and milk,
respectively, are the natural proteins which are highest in
these most important essential amino acids.
c. Phaseolin and zein are derived frombeans and corn,
respectively and are quite low in these EAA.
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Figure 9. Structural model for the maize zein protein.
A) Consensus repeat on an alpha-helical wheel
B) Organization of nine repeated alpha-helices in a
cylindrical structure. "Up" and "Down" indicate the
antiparallel orientation of the helices. The numbers
1, 2, and 3 indicate the polar region. C) Possible
model for arrangement of the zein protein within the
maize protein body. "Q" indicates the gluuamine
residue (Agros et a l ., 1982).
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A)

Start

BarnHI
GATCCAACAATGCTTGAAGAGCT GTTCAAAAAGATGACCGAGTGGATCGAGAAAGTGATCAAAA
GTTGTTACGAACTTC TCGACAAGTTTTTCTACTGGCTCACCTAGCTCTTTCACTAGTTTT

Xhol

CGATGGGACCAGGCAGGATGCTCGAGGAGCT GTTCAAAAAGATGACCGAGTGGATCGAGAAAGTG
GCTACCCTGGTCCGTCCTACGAGCTCC TCGACAAGTTTTTCTACTGGCTCACCTAGCTCTTTCAC
Xhol

S^I

ATCAAAACGATGGGACCAGGCAGGATGCTCGAGGAGCT GTTCAAAAAGATGACCGAGTGGATCGA
TAGTTTTGCTACCCTGGTCCGTCCTACGAGCTCC TCGACAAGTTTTTCTACTGGCTCACCTAGCT
Xhol

SacI

Dral

AAGTGATCAAAACGATGGGACCAGGCAGGATGCTCGAGGAGCT CTTTAAAAAAATGACTGAGTGG
TTCACTAGTTTTGCTACCC.TGGTCCGTCCTACGAGCTCC TCGAGAAATTTTTTTACTGACTCACC
Terminatioi-^— ,

EcoRI

ATCGAAAAAGTGATCAAAACTATGTAGG
TAGCTTTTTCACTAGTTTTGATACATCCTTAA

B)

M L E E L F K K M T E W I E K V I K T M G
P

Monomer

G
G

M T K I V K E

P
G

'R

I W E T M K K F L E E L M R
Dimer

M L E E L F K K M T E W I E K V I K T M
Trimer

G
P

G
M T K I V K E

I W E T M K K F L E E L M

R

Tetramer

Figure 10. A) Nucleotide and
II tetramer. The 276 bp long
the 11.5 kd HEAAEII protein.
four helical and three turn

B) peptide sequence of HEAAE
HEAAEII tetramer produces
This protein consists of
regions.

On

the

other

hand,

HEAAE

II

is

comprised

of

4 helical

repeating units, each 20 amino acids long (Figure 10B). For
this purpose, three potential (3-turn sequences(gly-pro-glyarg)

were inserted between four monomers for the HEAAEII-

tetramer construction.

The (3-turn could play an important

role for the structural stability of the HEAAEII-tetramer
when it is expressed in vivo.

It can also help stabilize

tertiary structure formation. The interactions between the
helical monomers might be much faster due to the proximate
effect

when

they

are

connected.

This

proximate

effect

mightbe critical for folding at the low concentrations of
HEAAEII- tetramer that are probable when they are expressed
in vivo. At the same time, the stability of the secondary
structure

is

increased

by

the

hydrophobic

interactions

between helical monomers. In addition, this (3-turn sequence
has a tryptic digestion site (Gly-Arg) which could increase
the digestibility of this protein when it is consumed by
animals. The helical region of HEAAE II has been designed
amphiphilically and stabilized by several Glu - Lys salt
bridges (Figure 11) .

The 284bp tetrameric gene
novel

peptide

synthesized

was

72 bp

(Figure 10A)

constructed
fragment

into

encoding this

by

cloning

chemically

an

E.

expression

coli

vector. This gene contains plant consensus sequences at the
5' end of the translation initiation site to optimize the
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Met
Leu
Glu
\
Glu
\
\
\
\
Lys
\
Lys

Leu
Phe
tier

Thr
Glu
\

Trp
He
Glu
\

Val

i:
Met

S

\
Lys

\
Lys
Thr

Gly
Pro
Gly
Arg

Figure 11. Structural model of HEAAEII monomer.
HEAAEII monomer has an amphiphilic structre and
possible salt bridges formed between glutamic acid
and lysine residues. From figure shadowed and
white region indicate hydrophobic and hydrophilic
residues, respectively.

expression of proteins

in vivo.

It was placed under the

control of the 35S cauliflower mosaic virus

(CaMV) promoter

in order to permit the stable expression of this gene in
tobacco.

This increased gene copy number by concatenation

can increase the protein

yields.

concatenation increase the
protein.

Such

an

At the same time,

gene

molecular mass of the encoded

increase

in

size

can

significantly

stabilize an otherwise unstable product (Shen, 1984, DeGrado
et al., 1989) .

So far,
DeGrado,

few laboratories
1987;

Biernat,

(Hetch et al.,

1987b)

have

1989;

succeeded

Ho and

in their

attempts to obtain stable expression of entirely de novo
designed peptides in an E. coli system, and none have been
able to do the same in higher organisms. In this thesis, we
observed

the

stable expression of the de novo designed.

HEAAEII-tetramer in the tobacco system.

2)

The

Prediction

secondary

of

HEAAEII

structures

structure

of

the

HEAAEII

monomer

and

tetramer were predicted by PREDICT-SECONDARY in (3-SYBYL. The
percentage of alpha helix content predicted by informationtheory showed a higher alpha-helix content compared to the
83other two prediction methods (bayes-statistic and neuralnet)

in

PREDICT-SECONDARY.

The

predicted

secondary

structures by information-theory gave 100% helical content
for the monomer and 74% for the tetramer (Table 4).
Table 4. Prediction of secondary structure of HEAAEII
monomer and tetramer.

Mon ome r/Tetramer
Methods

alpha-helix

Neural-neta

Informat ion-theoryb

Bayes-statisticc

coil

beta-sheet

80%/70%

0%/0%

20%/30%

100%/74%

0%/0%

0%/26%

55%/68%

0%/0%

45%/32%

Three prediction methods, a. neural-net (Maxifield and
Scheraga, 1976), b. information-theory (Qian and Sejnowski,
1988), and c. bayes-statistic (Garnier et a l ., 1978) in
SYBYL PREDICT-SECONDARY were used.

However, the accuracy of the three widely used prediction
methods

ranged from 49% to 56% for prediction of three

states; helix,

sheet, and coil

(Kabsch and Sander,

1983).

This inaccuracy might be due to the small size of the data
base and/or the fact that secondary structure is determined
by tertiary interactions which are not included in the local
sequences.

For

further

structures

predicted

by

predictions

of

structure,

information-theory

minimized using SYBYL MAXIMIN2.

were

the

energy
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A perfect

amphiphilic

alpha-helical

conformation

was

predicted for the HEAAEII-monomer after minimization (Figure
12). The tertiary structure of the HEAAEII-tetramer after
minimization showed the antiparallel conformation as was
designed (Figure 13). These minimization results suggested
the high probability of stable secondary structure (a-helix
and P~turn) formation of the HEAAEII-monomer and -tetramer.
However,

it might be too early to conclude the tertiary

structure of the HEAAEII-tetramer with minimization only,
without considering the longer range interaction which is
the most important determinant of protein folding.

The predominant driving force for folding the HEAAEIItetramer might be the longer range hydrophobic interactions
between the a-helical monomers, because HEAAEII was designed
to be amphiphilic.

However,

no currently available force

field for the minimization of tertiary structure contains
these parameters and could not give the perfect predicted
tertiary structure of the protein. Actually,
schemes

alone

have

accurately (Fasman,

failed

to

predict

minimization

chain

folding

1989). Therefore, we might be able to

obtain much more stable secondary and tertiary structures if
we

include

a hydrophobic

HEAAEII-tetramer.

factor

in the minimization

of

■?

Figure 12. HEAAE II monomer: a predicted and then
minimized structure. The structure has been predicted
by information theory in SYBYL and then minimized
using the Kollman force field. The blue color
indicates hydrophilic amino acid residues while the
red color indicates those residues which are
hydrophobic. A) The ball and stick model. B) The
space-filled model.

Figure 13. HEAAEII tetramer predicted and minimized
structure. The structure was predicted by information
theory, a) Ribbon structure of tetramer b) Space filli
structure of tetramer
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3)

Structural

analysis

of

HEAAEII

A) Synthesis and purification of HEAAEII-monomer

HPLC analysis

of the gel

filtered synthetic

HEAAEII-

monomer showed that purity was more than 90% (Figure 14) .
Amino acid analysis of the purified

fraction

gave the

expected molar ratios. This fraction was also analyzed by
mass

spectrometry,

and

corresponding to the

the

molecular

HEAAEII monomer

weight

(2896.5)

peak

appeared

(Figure 15).

B) Structural analysis of synthetic HEAAEII-monomer

The structural stability of HEAAEII-monomer and tetramer
could not be determined by minimization only.
the

stability of the a-helical

secondary

Therefore,

structure

of

HEAAEII-monomer was investigated by CD analysis. CD spectra
of HEAAEII-monomer
helical

proteins

(Figure

16)

showed the

typical

with double minima

in aqueous

solution.

pattern

at

The

208

of alpha

and 222

stability

of

nm
the

secondary structure can be induced by the inter-molecular
interaction between the helical chains
1989) . Therefore,

stable

aggregation

(DeGrado et a l.,
between

monomers,

presumably through hydrophobic interactions, could stabilize
the helical structure.

Also,

packing of the apolar side

chains and proper electrostatic

interaction

might play

89
important roles in stabilizing the secondary structure of
HEAAEII.

The stable interactions among the monomeric HEAAEII
molecules is the most important determinant for the proper
folding into the tertiary structure of the HEAAEII-tetramer.
Therefore, the self-association capability of the HEAAEIImonomers

was

investigated

by

using

size

exclusion

chromatography. The hydrodynamic behavior of this peptide
showed that it was aggregated into a hexamer form with an
apparent molecular weight of about 17 kD (Figure 17).
hexameric

aggregate

could

be

maintained

in

either

aqueous or high ionic concentration (0.5 M NaCl)

This
the

(data not

shown). This result proves the stable globular type tertiary
structure formation of tetrameric HEAAEII.

The stability of the folded structure of a protein has a
close relation to its proteolytic degradation rate (Pace and
Barret,
1989;

1984; Pakula and Sauer,

Pakula and Sauer,

1986; Parasell and Sauer,

1989) . In this

expect high stability of folded HEAAEII

respect,

we can

tetramer against

proteolytic degradation when it is expressed in vivo.

Stable

quaternary

structure

is

essential

formation of protein bodies of storage proteins
(Agros et al, 1982) or phaseolin

for

the

in zein

(Lawrence et al., 1990).
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xicr1
absorbance

8.00

6.00

4.00

2.00

0.00

2:00

4:00

6:00

xlO minutes

Figure 14. The HPLC profile of the. HEAAE II monomer.
The monomer(peak a) was purified on a Waters Delta Prep
HPLC. The sample was run on a gradient of TEA and
acetonitrile in an aqueous solution by first
dissolving it in 0.1% TEA and 10% acetonitrile solution
and then loading on a Waters iiBondapak Cl 3 column.
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Figure 15. Mass spectrum of HEAAE II monomer. A clear
2897.1 dalton signal was detected which is precisely
the molecular weight expected.
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1.5

Molar
Elipticity
[0]x10"4
°cm2dmol-1

-1.5
200

Wave length (nm)

300

Figure 16. CD spectrum of HEAAEII monomer at
concentration of 70 mM in 10 mM MOPS pH ,7.0
and 1.5 M NaCl. The spectrum was produced
in a 0.4 cm path-length cell on a JASCO
model 500e CD spectrophotometer.

^

o

>
CD

>

Aprotinin
6.5 kd

Cytochrome C
12.4 kd

Carbonic
Anhydrase

17 kd s 29 0kd

Log Molecular Weight

Figure 17. Calibration curve for 1.6cm X 90cm G50F Sephadex
column used in the size exclusion chromatography of
aggregation of HEAAEII monomer. The apparent molecular
weight (17 kd) of aggregated form of HEAAEII was determined
by this standard curve.

These higher order structures can be achieved through the
interaction
structures.

and

close

packing

The major driving

of

the

stable

tertiary

force for this quaternary

structure formation is also hydrophobic interaction between
the

tertiary

structures.

At

this

moment,

designing

and

predicting of the quaternary structure is not easy.

4) In

vitro and in

vivo

expression

A) Gene construction.

Sequence encoding for

a HEAAEII multimer was inserted

into the prokaryotic expression vector pKK223-3 and screened
with

EcoRI or BamHI - EcoRI

(Figure 18) digestion. From

BamHI - EcoRI digestion, several trimer (213 bp, lane 4, 6,
7, 8, and 9) and tetramer (284 bp, lane 1 and 10) forms were
found. One very high molecular weight insert was found, and
by BamHI

- EcoRI digestion it proved to be an 11-meric

insertion (781 bp, lane 11).

Orientation of each of the inserts was determined by Xhol
- Hindlll digestion as described in Figure 10. Correctly
oriented colonies of the trimer and the tetramer of HEAAEII
gene were found (Figure 19a). The 11-mer was also proved to
have

the

correct

orientation.

insertwas not stable in E.coli.
transformants

changed

to mixed

However,

this

11-meric

The population of 11-meric
colonies

containing

the

c
S/D

EcoRI

Smal

BamHI

Sail

PstI

Sail

BamHI

AGGAAACAGAATTCCCGGGGATCCGTCGACCTGCAGGTCGACTAGAGGATCCAAC

I

AATG ■« ■■

EcoRI

HEAAEII-— '

HindiII

-.GAAT TCGATAT CAAGC TT

Figure 18. Restriction enzyme digestion analysis of
HEAAE II DNA multimers A) BamHI-EcoRI or B) EcoRI
digestion. The restriction sites around the HEAAEII
insert of pKK223-3 are shown in C). The numbers to the
side of the gels are in bp. The gels show the presence
of trimer (213 bp, 253 bp), tetramer (284 bp, 324 bp),
and 11-mer (781 bp, 821 bp) by BamHI-EcoRI or EcoRI
digestion.
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Figure 19. Determination of the orientation of the
HEAAE II inserts. A) Orientation of pKK tetramer and
11-mer were determined by Hind III-Xho I digestion.
The gel showed the expected 7 0 bp band. B) After one
week, the ll--mer was converted into a mixture of lower
molecular weight inserts. By EcoRI digestion, a strong
tetrameric band (330 bp) appeared which indicated that
the tetrameric form was more stable than the other
higher molecular weight inserts.
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Figure 20. Conversion of pKK 11-mer DNA. The pKK
11-mer DNA was transformed into E. coli. DH5a and
screened by EcoRI digestion. The results indicated
that any inserts larger than the tetramer could not
be stably maintained and were converted to smaller
forms.

smaller

sizes of multimeric

inserts

(Figure

19b) . The

strong tetrameric insert was observed by EcoRI digestion.
This result suggested that tetrameric directed repeats were
the most stable construct. Also, the tetrameric repeats were
stable during the transformation into E.coli DH50C. It was
observed that a multimer longer than the tetramer could not
be transformed stably (Figure 20) .

The in vivo stability of constructs containing up to six
directly

repeated

laboratory
copies

of

(Hofer,
the

genes

was

investigated

by

another

1987) . Results showed that up to four
gene

appeared

to

be

stable

during

transformation of strain HB 101. With six directly repeated
genes,

exact

excision

of

one

or

more

copies

occasionally observed by homologous recombination

was
after

transformation of rec+, recA, and recBC host cells. However,
they observed the stable hexameric construct during

growth

which could survive the crucial phase of transformation. It
was found that E.
significantly

coli cells excise

higher

frequency

inverted repeats at

than

direct

repeats.

Therefore, it was decided to use the tetrameric form of the
HEAAEII gene constructs for further in vivo transformations.

B) In vitro and in vivo expression

Stable,

correct

transcription

and translation

of the

HEAAEII tetrameric construct were investigated in vitro by
inserting the HEAAEII tetramer into pSP 65 (Figure 9). The
expected 11.2 kD translation products was observed from the
denaturated polyacrylamide gel (Figure 21). The smaller size
translation

products

(9 kd)

observed

might

be

due

to

inefficient termination of the in vitro system.

The

stability of HEAAEII protein was

investigated by

transforming maxi-cells with the pKK223-3 tetrameric gene
construct. A clear 6 kD polypeptide band corresponding to
the molecular weight of the dimeric form, rather than the
expected 11.2 kD band, was observed (Figure 22). This result
could be explained by either proteolytic degradation of
HEAAEII tetramer or deletions

of repeated sequences during

the recombination process. The smeared band which appeared
around the molecular weight corresponding to 11 kD suggested
that the tetramer form of this protein might be processed
into smaller size products.

A similar observation was reported from the experiment
with designed hexameric repeated peptides
|3-galactosidase

(A6)

fused with

(Biernat et al., 1987a). Two smaller than

expected, but bigger than (3-galactosidase only,

sizes of

products were observed in an E.coli expression system.

In

the following experiment (Biernat and Koster, 1987b), it was
found that monomeric cassette (A)

was the most stable form
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1 2

3

- 20 kd

- 15 kd

- 3 kd
Figure 21. Expression of the HEAAE II tetramer in an
in vitro transcription-translation system. The
expected 11.5 kd band appeared by utilizing a
wheat-germ in vitro translation system. Lanes 1 &
HEAAE II tetramer and Lane 3, BMV RNA.

1 01

1 2

- 31 kd

- 25 kd

- 14.5 kd
- tetramer
- dimer

- 3 kd

Figure 22. Expression of HEAAE II tetramer cloned in
vector pKK223-3 in E. coli.
The plasmid expressed
proteins were labled with S35-Met. A distinct dimeric
(5.4 kD) but diffuse tetrameric (11.5 kD) band were
seen in the E. coli CSR 603 maxicell expression
system. Lane 1, E. coli CSR 603 transformed with
pKK223-3 only. Lane 2, E. coli CSR 703 transformed
with pKK tetramer.

102

in an in vivo system. Therefore, other monomeric cassettes
(B)

and/or (H), when fused to (A), for expression as (AB)

and (AHB) in E. coli, were degraded into the most stable
monomeric (A) form by proteolytic degradation. Therefore, it
was decided to use the tetrameric form of the HEAAEII gene
constructs for further in vivo transformations.

This result suggested that the 6 kd dimeric-HEAAEII might
be the most stable product, at least in an E. coli system.
However, the processing mechanism might not be the same in a
plant system. Furthermore,

the processed dimeric form of

HEAAEII protein could associate
weight quaternary structure.

into a higher molecular

Therefore,

the decision was

made to utilize tetrameric form of HEAAEII gene was used for
expression in tobacco.

5)

A)

Transformation

of

HEAAEII

gene

Cloning of HEAAEII-tetramer

into

tobacco

into the

intermediate

vector and transformation into Agrobacterium tumefaciens LBA
4404

The correct insertion and orientation of pBI-tetramer-T,
containing the HEAAEII tetramer, was isolated

by EcoRI and

Hindlll digestion (Figure 23a). The EcoRI digestion revealed
a DNA

fragment

of

the

expected

size

of

3.2

kb,

which

consisted of 3'NOS of HEAAEII and the GUS gene (Figure 23b).

B

X bal

Ba m HI Sm al

Bam HI

/

Eco RI

Hindlll

EcoRI

HEAAEII

SMl \
BamHI

N o s- P r o

Sail

H in d ll l

S ph l

PslI

N o s-l cr

RB

Figure 23. Construction of binary vector pBI-tetramei
for tobacco transformation. A) Lane 1, DNA molecular
weight marker. Lane 2 (EcoRI) and Lane 3 (Hindlll)
digestion which shows the expected 3.2 kb and 1.4 kb
fragments. B) Restriction map of pBI-tetramer
construct.
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Also, the HEAAEII gene with its 35S promoter and 3'NOS
sequences

was

detected

as

a

1.4

kb

band

by

Hindlll

digestion. Stable transformation of the HEAAEII gene into A.
tumefaciens LBA4404 was confirmed by Hindlll digestion of
isolated plasmid DNA from Agrobacterium.

B)

Infection of tobacco with transformed LBA4404

and

regeneration.

Leaf discs, transformed with LBA4404 carrying the HEAAE,II
gene,

gave about 5 to 7 shoots two to three weeks after

infection

(Figure 24) . A total of 565 kanamycin-resistant

shoots were regenerated from 120 leaf discs. These shoots
were excised from the leaf discs and transferred to new
media to grow for two more weeks, and then transferred to
rooting media.

After three weeks in rooting medium,

12 6

rooted shoots were analyzed for p-glucuronidase. Root tips
of

56

out

of 126 plants

showed various

levels

of GUS

activity.
Not ail

the kanamycin-resistant shoots showed

the GUS

positive result. Although kanamycin resistance was due to
the expression of neomycin phosphotransferase (NTP II gene),
regeneration of nontransgenic
kanamycin
Therefore,
sensitivity

had been

reported

shoots

in the presence of

(Horsch

et

a l .,1987) .

escapes from the screening based on kanamycin
might

have

occurred

in the nontransformed

105
plants, making them kanamycin resistant.

Thirty six plantlets which showed high levels of (3glucuronidase activity were transplanted into jiffy pots
(Figure

25) . After establishment

of the plants,

a more

accurate fluorogenic assay for GUS activity was done to
quantify the expression level of this gene (Table 5). Some
of these transformed tobacco plants showed higher levels of
[3-glucuronidase activity compared to other plants. The level
of expression might be primarily affected by whether the
gene is incorporated into an active or inactive site of
chromatin. Activity of chromatin, methylation of DNA and
Table 5. The GUS activities of kanamycine resistant
tobacco

Plant

pBI 121

GUS activity (U)

#1

200

#9

315

#11

3,790

#13

360

#17

2,400

#22

130

#29

200

#2

320

106
w.t

#37

10

a. The GUS activity was measured as a pmole 4-methyl
umbelliferone (MU) produced per mg protein-minute with an
excess 4-methylumbelliferone glucuronide (MUG).
nuclease
other.

hypersensitivity

are

closely

related to each

It has been found that the nuclease hypersensitive

sites correlate to active transcription (Gross and Garrard,
1987) .

The

degree

of methylation

related to gene expression.

of DNA

Furthermore,

is

inversely

if the gene is

located near the plant's endogenous promoter or enhancer
sites, the level of expression of this gene will be enhanced
by

these

difference

near-by
in

the

enhancing
levels

of

factors.
GUS

Therefore,

activity

between

the
the

transformed plants might be due to this positional effect,
which was determined by the sites of incorporation of this
gene into the tobacco genome.

It

was

demonstrated

in

other

experiments

that

the

expression level of physically linked genes co-transferred
to the host plant genome could vary independently, even if
they are separated by as little as 600 bp (De Blaere et al.,
1988; Eckes et al.,

1986; Nagy et al., 1985).

Therefore,

another possible explanation for the plants which escaped
kanamycin

screening but were GUS negative might be the

positional difference of these

two genes in the tobacco

genome;

gene

i.e.,

only

the NPTII

could be

expressed
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Figure 24. Leaf disc transformation. Top left, non
transformed tobacco leaf discs Top right, tobacco
leaf discs transformed with A. tumefaciens/pBI121.
Bottom right and left, tobacco leaf discs
transformed with A. tumefaciens/pBI121-tetramer. The
shoots appeared from all leaf discs, except
controls, three weeks after transfer to media
containing kanamycin.

Figure 25. Transgenic tobacco plants.
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actively while the GUS gene could not. Therefore, it might
be more reliable to screen the transformed plants based on
the two different methods.

6) Analysis

of

transformed

plants

A) DNA analysis

Although GUS activity

and kanamycin resistance are good

indicators of transformation,

rearrangement

in the T-DNA

after incorporation in the plant genome can inactivate or
silence the other genes

transferred.

Therefore,

correct

incorporation of the HEAAEII gene in the tobacco genome was
determined by Southern blotting.

A distinct 1.4 kb Hindlll band appeared in 7 samples out
of

9 tobacco genomic DNA samples analyzed,

appear

in

negative

tetrameric fragment
positive control,
digested

plasmid

control

samples,

using

(290 bp) as a probe

but did not
the

(Figure 26) . As a

and to check the copy number,
pBI

tetramer-T

HEAAEII

was

also

Hindlllloaded,

corresponding to 1 and 5 copy number of the inserted gene in
tobacco DNA.

Additional multiple positive bands were observed with the
expected size band of 1.4 kb, from

most of the transformed

plants. All the extra bands which appeared were bigger than

110

1 9

2

11 13 37 17 22 29

5X

6.0
- 5.0
- 4.0
- 3.0
-

-

2.0

-

1.6

Figure 26. Southern blot of DNA isolated from
transgenic tobacco plants. The tobacco genomic DNAs
were purified from leaves and digested with Hindlll.
The probe which used was the 2 93 bp HEAAE II tetrame.
fragment. The expected 1.4 kb fragment was detected
from all plants analyzed. Multiple bands, larger thaj
1.4 kb, were also observed from many of the plants.
The plasmid DNA containing the pBI-tetramer was used
as a positive control and enough was loaded on the
gel corresponding to five copies. The numbers on the
top of the gel refer to individual transgenic plant
while the numbers to the right of the gel are size
markers in k b p .
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1.4

kb and showed different patterns between the individual

plants. These results suggested that the HEAAEII gene, alone
or with neighboring genes, might have inserted into several
sites in the chromosomes with or without DNA rearrangement.

The copy number of the correct band varied among the
plants, and ranged from 1 to 5 by densitometeric measurement
comparing to positive control. The copy number of a gene can
affect its expression level. A gene with a high copy number
can give a high level of expression.

The impact of copy

number on the extent of expression varies from one system to
another.

In some cases there are positive correlations to

their expression (Scott and Draper, 1987; Stockhaus et al.,
1987), but not always
al., 1987) . Therefore,

(Jones and Gilbert,

1987; Sander et

it should not be expected that all

the copies of the gene are

equally active because the

position of each copy of the gene incorporated into the
genome

can also affect the

However,

as the number

level of the transcription.

of chromosomal

sites

containing

foreign DNA increases, the likelihood that any one of the
pieces

of DNA would

integrate

into a transcriptionally

active region is increased.

B) Kanamaycin gene segregation test

The

first generation progeny from the self-fertilized
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transformed

parents

were

tested

for

kanamycin

gene

segregation. Since the integrated T-DNA is passed on as a
dominant Mendelian trait (Ootten et al., 1981), copy number
of the HEAAEII gene

can be determined by the kanamycin

segregation pattern of the progenies. The result

(Table 7)

showed that most transformed plants have multicopies of the
HEAAEII gene.

Table 6. Kanamycin gene segregation

Number of seedlings
Transformed plants
Knres Knsen Knres/Knsen
Oberved

Expected

#1

136

8

15 :1

#2

107

34

3:1

#11

127

8

15:1

#13

112

37

3:1

#17

175

1

255:1

#22

103

31

3:1

#2 9

131

9

15:1

Probability
X2

all samples
P > 0.05

The progenies of the transformed plants carrying a
single, double or triple genetic NPTII locus are expected to
segregate in 3:1, 15:1 or 63:1 ratios. Therefore, #2, #13,
and #22 plants have one NPTII locus, #1, #11, #29 plants
have two NPTII loci, and #17 plant has more than three loci

of kanamycin gene in the chromosome.

C) RNA analysis

Efficient

transcription of inserted HEAAE

II genes

in

tobacco plants was tested by northern analysis. The polyA
RNA

was

tetramer

isolated
DNA

and

probe.

then
The

analyzed
estimated

using

the

correct

HEAAEII-

gene

size

transcribed is about 490 bases, which consisted of 30 bases
upstream and 170 bases downstream of the HEAAEII tetramer
gene. However, eukaryotic mRNA also contains different sizes
of polyA.

Therefore,

the expected size of the HEAAEII-

tetramer message should be around 600 ± 100 bases long.

Bands were observed which correspond to this expected size
from

all

However,

the

samples

which

were

analyzed

(Figure

27) .

the levels of transcription of the HEAAEII genes

were dramatically different among the transformed plants.
Transformed

plant

#17

accumulated

5-

to

50-fold

more

transcripts compared to the other transformed plants. Such
differences in accumulation was explained by the effect of
position or multi-copy insertion.

The

expression

levels

of

the

HEAAEII

gene

and

its

neighboring GUS gene correlated with each other in some
transformed

plants

(#17)

but

not

all.

These

results

suggested that the level of expression can be dramatically
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different between the two closely connected genes.

Multiple transcripts with different sized bands (500-700
bases) were observed from several transformed plants. This
result might be due to multiple insertions of the HEAAE II
gene into the tobacco genome. These inserted genes might be
rearranged but still produce the transcripts. Another
possibility might be strong secondary structure which could
be formed due to the four directly repeated sequences of the
tetrameric HEAAEII transcripts. This could cause the
different mobilities.

D) Expression of HEAAEII

The polyclonal antibody raised against synthetic HEAAEII
monomer was used to detect the production of stable HEAAEII
protein in tobacco. High levels of the tetrameric form (11.2
kD) of the HEAAEII protein were detected from plant #17
western blot analysis
proteins

undergo

transgenic

immunoreactive

(Figure 28) . Some heterologous seed

specific degradation when expressed

plants.

by

A

protein

significant
accumulated

expressing the phaseolin gene

amount
in

of

tobacco

in
the

seed

is smaller than the final

processed protein (Sengupta et al., 1985). A similar result
was found when P-conglycinin was expressed in transgenic
petunia (Beachy et al., 1985). In contrast to these results,
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2

1

9 11 13 17 22 29 37
0.78
0.53
0.40
0.28

Figure 27. Northern blot of mRNA isolated from
transgenic tobacco plants. The RNA's were isolated
from tobacco leaves and 5(ig of mRNA were loaded for
each sample. The probe used was the 2 93 bp HEAAE II
tetramer fragment. Plant 2 consisted of mRNA derived
from a pBI121 transformed control, while plants 1
through 2 9 were mRNA's prepared from HEAAE II
transformants. Plant 37 mRNA was derived from a
nontransformed control. The numbers to the right are
size markers in kb.
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Figure 28. Western blot of transgenic tobacco plants.
For each lane 10 |lg of leaf extracted total protein were
loaded. A 11.2 kD HEAAEII tetrameric proteins appeared with
plant #17. Lane 2, C indicates the positive control which is
2.8 kD synthetic peptide. Lane 3, and 6 are the transformed
with HEAAEII construct. Lane 4 and 5 are transformed with
pBI121 only.
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the

HEAAEII

protein

appears

to

be

quite

stable

in

transgenic tobacco plants.

7)

Summary

and

future

plans

By using recombinant DNA and plant genetic engineering
technology, we could express the de novo designed storage
protein-like polypeptide, HEAAEII, in both tobacco and in E
coli systems. The major experiments for this dissertation
consist of:

1)

Computer analysis and prediction of HEAAE II monomer

and tetramer structures
2)

Synthesis and purification of monomeric peptide

3)

Analysis of the structural properties of this monomer

using circular dichroism and size exclusion experiments
4) Design and synthesis of the gene encoding HEAAE II
tetramer
5)

Sequencing of the synthetic genes

6)

In

vitro and in

vivo expression

of

the

HEAAE

II

tetrameric gene
7) Cloning of the HEAAE II tetrameric gene into a plant
expression vector
8)

Transformation

of

this

gene

into

agrobacterium

tumefaciens and then into tobacco
9)

Regeneration and selection of transformed tobacco
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10) DNA and RNA analysis of transformed tobacco
11) Preparation of antibody
12) Protein analysis of transformed tobacco

The structural analysis results suggested that HEAAEII
monomer favors the formation of a-helical structure with a
high degree of aggregation which is very reminiscent of
natural plant storage proteins. In addition, HEAAEII is the
first reported de novo designed protein expressed in both E.
coli and plant systems.

Plans for future studies of tetrameric HEAAEII begin
with further analysis of its structural properties such as
1) stability against proteolytic attack and 2) solubility
and aggregation pattern. After optimization of expression
using Baculovirus expression
1988),
will

system

(Luckow and Summer,

large scale purification of the tetrameric protein
allow

small

animal

feeding

studies

to

assess

its

biological value. Subsequent plans are to pursue high level
tissue-specific

expression

of

this

gene

in

the

more

economically important plants such as potato and soybean.
For this purpose,

a 2.5 kb 5'

flanking sequence of the

patatin gene which contains the tuber-specific expression
sequence and promoter (Wenzler et al., 1989) will be used.
The N-terminal targeting sequences from the a-subunit of (3conglycinin

will

also

be

used

for

seed

specific

hyperexpression

and

vacuolar

targeting

proteins in plants (Farrell et al., 1990).

of

the

HEAAEII
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